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Kurzfassung 
Kohlenstoff basierte Materialien (CBMs) werden seit langer Zeit in experimentellen 
Fusionsanlagen als Werkstoff für die plasmabelastete Erste Wand verwendet. Die Vorteile von 
Kohlenstoff im Kontakt mit Fusionsplasma sind seine niedrige Ordnungszahl und das Fehlen 
eines Schmelzpunktes (Sublimation > 3000°C). Zudem behalten CBMs ihre mechanischen 
Eigenschaften auch bei hohen Temperaturen und sie besitzen eine sehr hohe 
Thermoschockbeständigkeit, wodurch sie optimal für den Einsatz im Hochtemperaturbereich und 
als Teil von Wärmesenkenkomponenten geeignet sind. 
Ausgehend von nuklearem Feinkorngraphit haben sich durch die Entwicklung der 
experimentellen Anlagen und die damit verbundenen thermo-mechanischen Anforderungen 
(einige GW.m-2 für bei Belastungsdauern in Millisekundenbereich) Kohlefaserverbundwerkstoffe 
(CFCs) für Fusionsanwendungen immer mehr durchgesetzt. Diese besitzen im Vergleich zu 
Graphit eine höhere thermische Leitfähigkeit sowie eine höhere Festigkeit, wobei jedoch die 
Eigenschaften in Abhängigkeit der Belastungsrichtung aufgrund der Anisotropie der Werkstoffe 
teilweise stark variieren. 
In dieser Arbeit wird unter anderem die Anisotropie von Kohlenstoffstrukturen aber auch die 
Produktion von Feinkorngraphit und CFCs näher betrachtet, um die wesentlichen Prinzipien von 
CFCs zu erfassen, die für ein besseres Verständnis dieser Arbeit relevant sind. 
Insgesamt wurden neun CBMs im Hinblick auf ihre Mikrostruktur und ihre thermo-mechanischen 
Eigenschaften miteinander verglichen. Hierzu gehören zwei Feinkorngraphite, die als 
Referenzmaterialien herangezogen wurden, um die Vorteile, die durch CFCs erzielt werden, 
besser qualifizieren zu können. Mit Hilfe mikrostruktureller Untersuchungsmethoden konnten 
Ähnlichkeiten der CFCs im Bereich der Faserarchitektur aufgezeigt werden, die Rückschlüsse auf 
das makroskopische Werkstoffverhalten ermöglichen. Die quantative Bestimmung der Anteile 
der wesentlichen Bestandteile von CFCs, z.B. Faserlagen, Filzzwischenschichten oder 
„genadelte“ Fasern, führen zu einem besseren Verständnis der Anisotropie der Werkstoffe und 
anzuwendenden Strategien bei deren Herstellung. Zudem werden die mikrostrukturellen Texturen 
von Fasern und Matrix beschrieben. 
Die Bestimmung der thermophysikalischen Eigenschaften wie z.B. der Wärmeleitfähigkeit und 
der thermischen Ausdehnung wurden für einige CFCs in verschiedenen Orientierungsrichtungen 
durchgeführt und dabei zum ersten Mal auch nicht nur in den 3 Hauptrichtungen angegeben. 
Zudem wurden Zugversuche bei Raumtemperatur durchgeführt, deren Ergebnisse in direkter 
Relation zur zuvor charakterisierten Anisotropie der Werkstoffe stehen. Dabei scheinen 
Faserarchitektur und Scherfestigkeit zwischen Faser und Matrix die wesentlichen Parameter für 
das Bruchverhalten der Werkstoffe zu sein. Zusätzlich wurden 5 verschiedene Chargen des 
gleichen Materials untersucht, welches die Schwierigkeiten der Reproduzierbarkeit derart 
komplexer Materialien verdeutlicht. Darin wird vor allem die Verbindung zwischen „Needling“-
Prozess und den Variationen in den mechanischen Eigenschaften hergestellt. 
Letztendlich wurden fusionsrelevante transiente Belastungen in unterschiedlichen Testanlagen, 
d.h. Elektronenstrahl, Ionenstrahl und Plasmakanone, simuliert. Dabei wurde die Erosion 
untersucht und zu den jeweiligen Werkstoffeigenschaften in Relation gesetzt. Die lokale 
orientierungsabhängige Erosion und Partikelemission („brittle destruction“) und deren 
Auswirkungen werden dabei ausführlich beschrieben. Ein experimentelles Kriterium für den 
Thermoschockwiderstand basierend auf Gewichtsverlustmessungen wird präsentiert. Neben der 
Charakterisierung der Werkstoffe in den 3 Hauptraumrichtungen wird zudem versucht durch 
Verkippung in Relation zu diesen Richtungen, die Partikelemission zu reduzieren. Dies ist 
teilweise erfolgreich und führt bei Elektronenstrahlbelastung zu unerwarteten Erosionsstrukturen. 
Als letzter Schritt wird der Effekt von Neutronenstrahlung auf CBMs präsentiert, welcher zu 
einer deutlichen Erholung des Werkstoffes in oberflächennahen Schichten führt. 
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Abstract 
Carbon based materials (CBMs) are used in fusion devices as plasma facing materials for decades. 
They have been selected due to the inherent advantages of carbon for fusion applications. The 
main ones are its low atomic number and the fact that it does not melt but sublimate (above 
3000°C) under the planned working conditions. In addition, graphitic materials retain their 
mechanical properties at elevated temperatures and their thermal shock resistance is one of the 
highest, making them suitable for thermal management purpose during long or extremely short 
heat pulses.  
Nuclear grade fine grain graphite was the prime form of CBM which was set as a standard but 
when it comes to large fusion devices created nowadays, thermo-mechanical constraints created 
during transient heat loads (few GW.m-2 can be deposited in few ms) are so high that 
carbon/carbon composites (so-called Carbon Fiber Composites (CFCs)) have to be utilized. CFCs 
can achieve superior thermal conductivity as well as mechanical properties than fine grain 
graphite. However, all the thermo-mechanical properties of CFCs are highly dependent on the 
loading direction as a consequence of the graphite structure.  
In this work, the background on the anisotropy of the graphitic structures but also on the 
production of fine grain graphite and CFCs is highlighted, showing the major principles which 
are relevant for the further understanding of the study. 
Nine advanced CBMs were then compared in terms of microstructure and thermo-mechanical 
properties. Among them, two fine grain graphites were considered as useful reference materials to 
allow comparing advantages reached by the developed CFCs. The presented microstructural 
investigation methods permitted to make statements which can be applied for CFCs presenting 
similarities in terms of fiber architecture. Determination of the volumetric percentage of the major 
sub-units of CFCs, i.e. laminates, felt layers or needled fiber groups, lead to a better 
understanding on how anisotropy can be tailored and on the strategies which were applied for the 
production of the investigated materials. Textures of fibers and microstructures of matrices were 
also described. 
Thermo-physical properties such as thermal conductivity and thermal expansion of some CFCs 
were studied for different materials’ orientations. For the first time, some off-axis results of 
thermal conductivity and thermal expansion for fusion related CFCs are displayed.  
Room temperature bending and tensile loading of CFCs were performed and they allowed 
relating the microstructural findings to the anisotropic mechanical response. Fiber architecture of 
CFCs and interfacial shear strength between the fiber and the matrix appeared to be the main 
parameters which dictate the fracture mechanisms. In addition, the analysis of five batches of one 
CFC permitted to understand the difficulty of reproducing such advanced material. The 
differences in terms of needling process were related to the variations of the tensile properties in 
the various fibrous directions. 
Finally, fusion-relevant transient heat loads were simulated on the investigated CBMs within 
various high heat flux facilities, i.e. electron beam, ion beam and plasma gun. Erosion scenarios 
at different scales were compiled in relation to the CBM properties but also the type of the 
transient event. The locally preferential erosion and ejection of material from the surface of the 
CBM are comprehensively described as well as their implications. This ejection of hot particles 
from the CBM surface (so-called Brittle Destruction (BD) mechanism) was defined, explained 
and analyzed. An experimental thermal shock resistance criterion based on thermal-shock 
induced weight loss is presented. After analyzing the anisotropic response of CFCs to transient 
heat loads in their three orthotropic fiber directions, attempts to reduce BD were done by loading 
them under off-axis orientations. It partly succeeded and led to the observation of unexpected 
erosion patterns for penetrating species such as the used 120 keV electrons. The effect of neutron 
irradiation on CBMs under thermal shock load is presented and a significant defect recovery in 
the near surface was observed. 
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1. Introduction 
1.1. Global energy context 
 
The 20th century saw many changes appearing in terms of primary-energy needs and 
consumption. As the 21st century is starting, the global electricity demand increases, at 
least following the world population in the most optimistic long-term energy scenarios 
[1]. The population is expected to double by 2050 (compared to the one of 1996), so if 
we assume constant world energy consumption per capita, the energy needs will also 
double. It is proved that the use of fossils fuels (oil, gas and coal) leads to a tremendous 
CO2 generation in comparison to other available energy-conversion methods for 
electricity production (Table 1).  
 
energy hydraulic nuclear wind photovoltaic gas oil coal
CO2 emision [g/kWh] 4 6 3-22 60-150 430 818 800-1050  
Table 1: CO2 emissions of different sources of electricity productions [2] 
 
Although, it is not 100% certain that there exists an enhanced greenhouse effect due to 
fossil-fuels burning, the likelihood of its existence seems to become more and more 
evident for most of the major CO2-emitting nations [1], thus our energy provision needs 
to be decarbonised. In addition, the usual fossil fuels are running-out or at least are 
becoming very expensive to extract. In this context, the world population will need long-
term alternative electricity sources which will be able to fulfil their needs at a global scale 
coupled with a limitation of the emission of pollutants during the energy conversion 
process. Among many, thermo-nuclear fusion is a solution considered as a promising one 
[1,2].  
1.2. Thermo-nuclear fusion 
 
Thermo-nuclear fusion is the process which makes two nuclei (reactants in a plasma 
state) to fuse together to form a heavier atom with the release of a certain amount of 
energy related to the mass loss. This relation is expressed in the famous relation of 
Einstein displayed in Equation 1. 
 
Equation 1: 2cmE ×=  
 
Where E stands for the energy [J], m for the mass [kg] and c for the celerity of light   
[m.s-2]. This energy is carried by the products of the reaction. Typically, fusion reactions 
occur in the sun and the stars. The idea is to reproduce the thermo-nuclear fusion process 
on Earth to take advantage of the released energy. If the energy could be used to heat-up 
a fluid, a conventional turbine could be used to generate electricity. Since the mid-50s, 
this idea of a controlled fusion reaction on Earth is present in the scientific community. 
Nevertheless, it represents a technological challenge since to achieve the fusion reaction, 
even of light species like hydrogen isotopes, tremendous amount of energy are needed. 
Because both nuclei are positively charged, they repulse themselves. A certain amount of 
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energy is thus required to get over this gap and then arrive to a zone, very close of the 
nucleus, where nuclear forces (the strong force) win against electrostatic repulsion. The 
probability of crossing this barrier may be quantified by the "effective cross section". 
 
 
Fig. 1: Effective cross-section over energy of few fusion reactions 
 
Many fusion reactions are possible but the one which is considered to be the easiest to 
achieve nowadays is the fusion between deuterium (D) and tritium (T) (Fig. 1). The 
fusion between these two species leads to the formation a nucleus of helium (He) of 3.56 
MeV and a neutron of 14.03 MeV (Fig. 2). 
 
T+ D+
He 2+
3.56 MeV
neutron
14.03 MeV
 
 
Fig. 2 : Fusion between tritium and deuterium nuclei 
  
It is also expected to manage the deuterium-deuterium fusion reaction in the future; it has 
some advantages with regard to irradiation processes and absence of tritium (radioactive 
specie with a half-life of about 12.3 years). The creation of energetic neutrons during the 
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D-T fusion is a concern because they will activate the materials of the fusion devices (see 
chapter 3.3.5.). Nevertheless, if low-activation materials are utilized, the most active 
wastes created by fusion will only need to be confined few hundreds years to human 
beings compared to millions of years for the wastes created by nuclear fission. Fusion is 
thus said to be free of long-term wastes. 
D can be extracted from water, T is planned to be produced in-situ of the fusion device 
from lithium (via the so-called breeding blanket) and lithium is extracted from stones. 
These fuels are abundant on Earth and rather homogeneously distributed. During the 
thermo-nuclear fusion process, there would be no direct contribution to greenhouse gases 
or acidic emissions. Thus, thermo-nuclear fusion offers an energy-conversion process 
with abundant resources and major environmental advantages.  
1.3. Fusion on Earth 
 
The sun and all the others stars are based on energy conversion from fusion processes. A 
star arises when matter within reach, under gravitation effect, densities and temperatures 
sufficient to activate the thermonuclear reactions that release energy. The tendency of the 
plasma to expand, and as a consequence to cool down, is counter-balanced by 
gravitational forces in stars. On Earth, gravitational confinement is not possible to realize. 
Two paths are thus studied in order to reproduce these reactions: 
Inertial confinement: a small volume of matter is raised for a very short time to very high 
pressure and temperature. The concept is based on lasers or ion-beams which heat-up a 
fuel pellet injected in the device at a pulse rate as high as 10 Hz. The National Ignition 
Facility (NIF), located in the U.S.A., is relevant example of this technology.  
Magnetic confinement: a plasma is created and maintained at very high temperature. This 
plasma, with important volume, is confined in an intangible cage created by magnetic 
fields. 
Within the international fusion community, the magnetic confinement is nowadays the 
one perceived as being able to provide successful results faster; the largest scientific 
program is thus based on this technology. 
1.4. Magnetic fusion 
 
Two main types of magnetic thermo-nuclear confinements are intensively studied 
worldwide; they are based on the Tokamak and Stellarator concept (Fig. 3). 
 
Tokamak Stellarator
 
Fig. 3 : Sketches of a Tokamak and a Stellarator 
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These two types of devices work with strong magnetic fields to prevent leakage from the 
charged particles (plasma state) and to avoid contact between the hot plasma (108 K are 
necessary to ignite the reaction) and the surrounding materials, the Plasma Facing 
Materials (PFMs). 
The main differences between these two facilities are the following: in a Tokamak, a 
transformer induces a plasma current, and provides an additional poloidal field. This 
plasma current is continuously increasing, so only pulsed operation is possible and 
plasma disruptions (see chapter 1.5.) may occur. A Stellarator works only with a toroidal 
field and does not have any induced plasma current. It can theoretically operate 
continuously and disruptions caused by current-driven instabilities can not occur. 
A consensus took place and seven international partners (the European Union, the 
Russian Federation, the People’s Republic of China, Japan, The United States of America, 
South-Korea and India) decided to join their knowledge and money (10 billions euros 
over 45 years) to create and operate the next step experimental fusion reactor: ITER (“the 
way”) (Fig. 4). ITER is a 500 MW (Table 2), tokamak type device. 
 
 
 
Fig. 4 : ITER device. The reaction chamber is indicated by an arrow. A human being has 
been placed to ease eye scaling. 
                                      
ITER is being built in Cadarache (France) and the first operation is planed for the end of 
2016. To reach the necessary temperatures for ignition, several heating systems are used 
in fusion devices (neutral beam heating, ohmic heating, ion cyclotron heating…). ITER 
should demonstrate the feasibility of nuclear fusion on Earth by creating at least ten times 
more energy that it needs to be operated (Q ≥10, Table 2). ITER is an experimental 
device and it will be followed by DEMO [3] then by PROTO (the prototype for the 
commercial fusion reactor). The first commercial use of electricity produced by fusion is 
not expected before 2050. 
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Table 2 : Main parameters of ITER [4] 
 
 
 
Fig. 5 : Shape of the W7X plasma (yellow) and surrounding coils (blue) 
 
Another large European project is based on the Stellarator type of reactor: Wendelstein-
7X (W7X) (Fig. 5). W7X is being built in Greisfwald (Germany) and is expected to be 
operational in 2012. As it can be seen in Fig. 5, the shape of the plasma is not azimuthally 
symmetric and the production of twisted superconducting coils is challenging. 
Nevertheless, Stellarator offers advantages describes earlier.  
ITER and W7X have in common that they both have so-called divertors (Fig. 6). The 
primary function of a divertor in a fusion device is the impurity control. The original idea 
was to move the zone of plasma contact with the material surfaces away from the hot 
fusion  plasma in order to reduce the energy of the particles bombarding the surface and 
therefore to reduce the wall erosion and the resultant impurity contamination of the 
reactor plasma. In practice, this means a significant concentration of the power flux on a 
small fraction of the total vacuum vessel (see chapter 1.5.) and the problem of target 
loading becomes one of the most challenging in a fusion device [5]. 
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Fig. 6 : a) cross-section of ITER reaction chamber with the open magnetic lines [6], b) 
one ITER divertor cassette with the selected materials for the initial operation phase 
 
Another important function of the divertor system is to exhaust the major part of the 
alpha particle power as well as He and impurities from the plasma. Suitable divertor 
conditions must be maintained so that helium can be exhausted at a rate equivalent to that 
at which they are produced to avoid poisoning the plasma and quenching the burn. As the 
main interface component between the plasma and material surfaces under normal 
operation, it must tolerate high heat loads while at the same time providing neutron 
shielding for the vacuum vessel and magnet coils in the vicinity of the divertor. It is 
anticipated that the divertor will need to be replaced and upgraded several times in the 
lifetime of ITER, so its remote maintainability is of high priority [7,8]. The ITER divertor 
is actually planned to be replaced up to three times [9] and each replacement will have to 
be made by remote handling [10] due to neutron activation and T contamination of the 
components. Each replacement will last between 3 and 6 months, so they have to be 
limited. Due to the ITER geometry, the inner part of the divertor will be subjected to 
lower thermal loads than the outer part [11]. The heat flux surface and the targets of the 
ITER divertor will have a poloidal angle of 35.5° to 17.8° while the toroidal angle will be 
less than 5° [11,12].   
  
Many others magnetic fusion facilities, such as JET (United Kingdom), TEXTOR 
(Germany), Tore Supra (France), JT-60U (Japan)… are being used worldwide. They help 
to test, control and improve the used state-of-the-art technologies and also to better 
understand the plasma confinement as well as the plasma-wall interactions for thermo-
nuclear fusion purposes. 
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1.5. Loads on Plasma Facing Components 
 
As described above, the aim of fusion is to generate electricity for peaceful purpose. A 
coolant (water for ITER then He for DEMO) will flow below the surface of the Plasma 
Facing Materials (PFMs). The PFM attached to the coolant tube form the so-called 
Plasma Facing Component (PFC) (Fig. 7). The joining technology between the PFMs and 
the heat sink material (CuCrZr) [13,14] as well as the mechanical properties of the joint 
[15], the heat removal efficiency of the PFC and the used cooling tube concept [13,16,17] 
and finally the detection of joining defects [18,19] are subject to comprehensive studies. 
The walls of W7X will exclusively consist of carbon/carbon composites (NB31, see 
chapter 3.1) as a PFM in the flat tile concept. The divertor of ITER (tungsten + 
carbon/carbon composite (Fig.6)) will be made of monoblock PFCs for the both materials.  
 
flat tile design ‘brush’ design monoblock design
 
 
Fig. 7 : Schemes and optical pictures of various PFC mock-up for test purpose 
 
Due to the shape of the magnetic field lines (Fig. 6), the plasma energy will not be 
homogeneously deposited all over the PFCs during operation of tokamaks and stellarators. 
The highest charged-particles loads will be deposited where the magnetic lines intercept 
the PFMs: the divertor. The highest neutron loads will be on the first wall since the 
neutrons do not interact with magnetic fields.  
In terms of heat loads impinging on PFCs, on top of the quasi-stationary plasma exposure, 
transient events will occur.  They can cause severe thermal erosion of PFMs and further 
material migration which will pollute the plasma and tend to redeposit on specific 
positions of the device [20]. Three major transient events; with specific power densities, 
durations and occurrences; will be described here: disruptions, Edge Localized Modes 
(ELMs) and Vertical Displacement Events (VDEs) (Fig.8).  
• A disruption is a sudden breakdown of the plasma current caused by instabilities 
in the spatial confinement of the plasma due to the large electromagnetic force. 
When plasma disruptions occur, a large amount of energy is deposited on the 
PFCs, in extremely short time periods (ms range). Disruptions can cause severe 
PFM thermal erosion and eddy-current induced stresses within the PFCs.  
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• ELMs are a common feature in steady state operation, which lead to a periodic 
energy loss of the confined plasma without ending the operation.  The ELMs are 
categorized into three kinds that have been observed in Tokamaks. The type Ι 
giant ELMs may cause the most significant damage in PFMs out of the three 
types. A single ELM does not cause significant damage in PFCs [11]. However, 
ELMs are expected to occur with a frequency of 1 to 2 Hz during normal 
operation and may accumulate to 1 million events in ITER (3000 pulses with each 
pulse lasting 400 s). 
• Finally a VDE is an instability of the confinement which is an initially slow 
vertical drift of the plasma up or down. During VDEs (about 100 to 300 ms), the 
plasma will touch the PFMs and thus releasing a substantial fraction of its stored 
energy to the PFCs.  This is followed by the onset of a plasma disruption and the 
loss of vertical control. A VDE will, however, not affect the lower vertical targets 
of the ITER divertor due to their position. 
During these transient events, tremendous amounts of energy are deposited in a very 
short time on the PFMs. This will create large thermo-mechanical stresses in the PFMs 
both during the heating-up and the cooling-down phases while thermal fatigue created by 
normal operation will mainly affect the PFC joint integrity. During normal operation and 
transient events, thermal erosion, cracking and melting must be limited or avoided to 
ensure a long PFM lifetime.  
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Fig. 8 : Expected power density and duration of thermal loads in next step fusion devices 
 
Many high heat flux facilities (electron beams [21], ion beams, plasma accelerators, 
infra-red heaters, lasers) are available in the world to simulate these fluxes in terms of 
heat [22] and results of some thermal shock tests are analysed in chapter 3.3. 
1.6. Sacrificial Plasma Facing Materials 
 
Regarding the positions within fusion devices, the PFMs were selected in order to sustain 
the locally expected thermo-mechanical loads as well as the type of particle fluxes. A 
goal of fusion-materials scientists is to limit PFM exchange to a very low number; 
therefore, appropriate material selection must be done by means of all the available 
techniques [22]. However, none of these techniques can integrally simulate the expected 
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loading conditions. Only experiments in fusion devices allow observing all the 
synergistic effects on materials. In ITER, three PFMs are foreseen [23,24] for the first 
operation phases (H and D) of ITER: beryllium (Be), tungsten (W) and carbon/carbon 
composites (so-called Carbon Fiber Composites: CFCs). Be was selected due to its low 
atomic number and to its high oxygen gettering capability but Be is toxic and has a low 
melting point [25]. When tritium will be used, the divertor will be changed for a full 
tungsten one since the high T affinity of carbon is a concern of safety. Nevertheless, W 
use might limit plasma operational flexibility because of potential problems of W 
contamination of the core plasma (low allowable content due to its high atomic number), 
crack formation under transient thermal loads, and/or enhanced melting or evaporation 
due to irregular surface leading to melting during disruptions [26,27]. For this reason, the 
W target is not suitable for the investigation of all the operational scenarios and windows, 
which is fundamental in the early phase of the ITER operation [6]. However, CFCs have 
favourable thermo-mechanical properties; they have high thermal shock resistance, they 
do not melt, and have a low atomic number so the core radiation loss is low. CFCs have 
thus been selected as PFM for the lower part of the vertical targets of the divertor during 
the early phase of ITER operation (no tritium).  
For more detail about these three materials and their respective behaviour under ITER-
relevant high heat fluxes, see [24,28-30]. In ITER, the PFM lifetime will be determined 
mostly by thermally induced erosion during transient heat flux events [9], thus thermal 
shock simulations are fundamentals. 
For W7X as well as for various other machines, the main PFM will be CFCs. For many 
fusion and fission devices, graphitic materials (mainly isotropic fine grain graphites) were 
used in the past decades and are still planed to be used for their inherent advantages (see 
chapter 1.7.). Be and W are some more recently used candidates in a nuclear environment 
and additional data acquisition concerning their ability to sustain thermo-nuclear fusion 
plasma is ongoing [22,26,27,31,32]. The use of this combination of materials in a thermo-
nuclear fusion environment (leading to specific radiation effects [33]) is investigated in 
terms of material migration [34] due to dust formation [26,27,35], material mixing in the 
co-deposits [30,36] and further changes of properties [37]. Obtaining first answers to 
theses issues is the goal of the ITER-like Wall project [38] in the JET tokamak. As part of 
the international agreement between ITER partners, a 14 MeV neutron source will be 
built in Japan: the International Fusion Materials Irradiation Facility (IFMIF) [33,39]. 
IFMIF will permit to investigate the effects of 14 MeV neutrons on various structural 
materials and PFMs. All the selected PFMs should, ideally, maintain high thermal 
conductivity and mechanical integrity under the extremes conditions expected in terms of 
heat, neutron irradiation and mechanical stresses, generated by magnetic fields, in large 
fusion devices.  
1.7. Carbon in fusion devices 
 
Since several decades, isotropic fine grain graphite (see chapter 2.2.2.) is used in fusion 
devices due to the inherent carbon properties [10,12] such as a low Z number, absence of 
melting (sublimation above 3000°C, for an estimated heat flux factor of 40 MJ.m-2.s-0.5 
[6]) and high thermal shock resistance [24,40]. However, for application in large fusion 
devices, the thermal conductivity (see chapter 3.1.2.) and the macroscopic mechanical 
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properties (see chapter 3.2.) of fine grain graphite had to be improved; therefore CFCs 
have been adopted and developed. Carbon Based Materials (as fine grain graphite or 
CFCs) are still planned to be used in many devices as main PFM (W7X, JT60SA…) but 
for ITER, they will only be used on a relatively small surface area (lower vertical targets 
of the divertor: ≈50 m2) where the expected heat loads are the highest and in the first 
phases of operation due to the important affinity of C with hydrogen isotopes [41-44]. 
The co-deposition of C and T would lead to reach the safety levels too fast. Even if in-
situ detrition techniques have been developed [45], C has little chances to be used as 
PFM in the T phase of ITER. Nevertheless, before achieving the possibility to operate 
ITER with a full W divertor, disruptions and VDEs have to be suppressed and ELMs 
have to be mitigated in order to avoid cracking, melting and melt motion layer of W 
[11,31,46].  Carbon has one additional drawback: it does not retain its thermal 
conductivity under neutron irradiation [10,47] (see chapter 3.3.5). Nevertheless, in the D 
phase of ITER operation, neutrons are not a big concern [48]. 
The types of CBMs used in fusion devices are called nuclear grades because they contain 
very few impurities to avoid the formation of any transmutation products in an 
environment with energetic neutrons [10]. The production of such high purity materials 
make them rather expensive due to additional production steps. 
1.8. Aim of the work  
 
As we enter in the last phase of the material procurement for ITER, there is little chance 
that new CFCs will be further developed because of the long time needed for R&D 
including neutron irradiation campaigns on PFMs and PFCs to test the evolution of their 
thermo-mechanical properties. CFCs are long to design and also to produce, in addition 
large amounts (several tons) are required with constant properties, so no public institutes 
but private companies are involved in the CFC production. As a consequence of the 
concurrency between them and the fact that theses materials are considered as strategic 
nuclear grades; relatively few details about the production are disclosed leading to some 
gaps in the material’s production history. It is necessary for fusion-materials scientists to 
intend to fill or limit the possible consequences of the presence of theses gaps by 
methodical characterization of the available CFCs. The aim is to better understand CFCs’ 
thermo-mechanical responses and thus being able to select the most appropriate one 
based on a database as complete as possible. Analyses of various CFCs regarding their 
microstructures, their mechanical and thermal properties as well as the relations which 
can exist between these material’s parameters are reported in this work. However, 
dissemination of information will still be limited for confidentiality reasons. 
In this study, various microstructural differences and similarities between available CFC 
grades are highlighted in terms of fiber architecture (volumetric content of sub-units), 
fiber type and shape, matrix type and thickness. These types of microstructural 
descriptions allow determining the degree of anisotropy of CFCs and they give clear 
indications about how these advanced CFCs will further respond under thermo-
mechanical load. Following these structural observations, the thermo-physical properties 
(thermal conductivity and thermal expansion) are presented for the three fibrous and 
orthotropic directions of CFCs but also for off-axis orientations with the aim to better 
assess the anisotropy of the materials. Room temperature mechanical tests were 
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performed on various batches of different materials to enlarge the existent database and 
to observe the fracture mechanisms involved. These failure mechanisms are related to the 
material’s microstructure. Finally, many CFCs, before and after neutron irradiation, and 
with different orientations have been loaded within the electron beam facility JUDITH 
and two others high heat flux facilities to simulate the expected thermal shock within 
large fusion devices. Thermal response of CFCs and particularly the so-called brittle 
destruction (BD) is studied and FEM calculations allowed understanding its mechanism. 
Attempts are performed to limit BD by appropriate material tilting. Consequently, the 
large influence of the impinging angle of 120 kV electrons, relatively to the fibrous 
orientations of CFCs, is described.  
 
2. Carbon Based Materials for fusion application  
2.1. Carbon element 
 
In the periodic table, the element carbon occupies the sixth position and has a molar mass 
of 12.011 g.mol-1. Carbon has seven isotopes and essentially consists of 98.89% of 12C 
and 1.108% of isotope 13C, which are stable. Carbon has a unique property of being able 
to form bonds between its atom creating stable compounds such as chains, branched 
chains and rings. Carbon has a number of distinct molecular or crystalline forms termed 
allotropes, which include graphite, diamond and fullerenes.  
This gives to carbon extreme variations in physical properties. Properties of CBMs 
depend upon their electronic configurations. The principal feature is the multiple bonding 
available with catenation of carbon via p-orbitals and two principal regimes: either a 
single σ-bond as in diamond (or aliphatic chains), or a double bond (σ- and π-bonds) as in 
graphite and graphitic compounds. The former results in rigid and isotropic solids, 
whereas the later results in layered structures with a very high degree of anisotropy 
known in nature. 
2.2. Graphite 
2.2.1. Graphite structure and properties 
 
Graphite is defined as an allotropic form of the element carbon consisting of layers of 
hexagonally arranged carbon atoms in a planar condensed ring system with each carbon 
0.141 nm from its three nearest neighbours (Fig. 9).  
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Fig. 9 : Hexagonal unit cell structure of graphite [50] 
 
The layers, termed graphene layers, are stacked parallel to each other in a three-
dimensional structure. The chemical bonds within the layers, between each carbon atom, 
are covalent (σ) with sp2 hybridization; each hexagonal array forming six σ bonds (of 
high strength: 524 kJ.mol-1) and the remaining p orbitals, which are at right angles to the 
graphene layers, take no part in the σ hybridization. The p orbitals of two neighbouring 
carbon atoms overlap sideways and form π orbitals, with three above and three below the 
σ orbital plane. The π orbitals in each hexagonal array overlap and encircle all six carbon 
atoms taking up the form of a torus and the six electrons become delocalized throughout 
the π orbital, which lowers the energy and helps to stabilize the molecule (aromaticity) 
(Fig. 10) [49-51]. 
 
carbon atom
torus shaped π orbital
overlapped to become
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2p orbital with free
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Fig. 10 : An sp2 hybridized structure of a single hexagonal molecular framework of 
graphite [50] 
 
The graphene planes are ≈ 0.335 nm apart (c/2 or d002), denoting that they are held only 
with weak forces (7 kJ.mol-1), which are comparable with van der Waals forces. 
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The stacking of the layer planes occurs in two quite similar crystal forms: hexagonal and 
rhombohedral. Hexagonal is the most common form with an ABABAB packing sequence 
(Fig. 9 and Fig. 11) (space group D46H-P63/mmc). The rhombohedral form has an 
ABCABC packing sequence (space group D53d-R3m). Rhombohedral graphite is always 
found in association with the hexagonal form but on heating to about 2500°C, the 
rhombohedral packing is transformed to the hexagonal form. A network of substantially 
perfect hexagons with layer planes, but with no ordered stacking sequence, is termed 
turbostratic [40, 50-52]. 
 
Plane A
Plane B  
 
Fig. 11 : Schematic of hexagonal graphite crystal (view perpendicular to the basal planes) 
[50] 
 
From now on, only the hexagonal graphite will be considered for properties’ description. 
Its structure imparts a high degree of anisotropy to the crystal and accounts for many of 
its unusual properties. In the basal plane the material is strong and electrically and 
thermally conducting, whilst the weak forces between the layers allow the slip and 
lubricating properties. As an illustration the theoretical Young's modulus in the graphene 
plane (a direction) is 1050 GPa whereas in the c direction it is 35 GPa; thermal and 
electrical conductivities in the c direction are lower by two orders of magnitude than 
those in the a directions. Such anisotropy in the crystal underlies the behaviour in bulk 
and has relevance to the fiber and matrix constituents of CFCs (see chapter 2.3.1. and 
2.3.3.), but there are other factors to be considered such as the angular dependence of the 
thermal (see chapter 3.1.2.) and mechanical (see chapter 3.2.1) responses. 
The mean size of the defect-free areas in the graphene plane (a direction) is identified by 
the term La which defines the diameter of the equivalent circle of perfect crystal order. 
Similarly, the term Lc defines the mean height of the ordered layer stack in the c direction. 
Average values for La and Lc are obtainable from X-ray or neutron diffraction from line 
broadening measurements and also by Raman spectroscopy via peak analysis [53-58]. 
Typical values of La and Lc for a well graphitized carbon are several hundred nm whereas 
a poorly graphitized carbon may have values less than ten nm. Knowledge of the values 
of La, Lc and c/2 (Fig. 9) thus gives a guide to the degree of crystal perfection in a sample 
of a single material such as a carbon fiber (see chapter 2.3.1.).  
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The picture which emerges of a typical carbon structure is of discrete graphite crystallite 
zones oriented randomly to each other and intermingled with a continuum of disordered, 
porous material. Junctions between crystallites and less ordered regions represent 
discontinuities which give rise to weakness and are frequently the sites of incipient 
failure under applied stress.  
Ideal graphite does not exist and the ideal crystal forms invariably contain defects, such 
as vacancies due to a missing atom, stacking faults and disinclinations as depicted in Fig. 
12. 
 
Unfilled lattice
(missing atom)
Disinclination planes
no longer parallel
ABA sequence
no longer maintainedStacking
fault
 
 
Fig. 12 : Schematic of crystallite imperfections in graphite [50] 
 
Crystallographically perfect graphite has a density of 2.265 g.cm-3. The density of 
synthetic graphite is rarely above 2.0 g.cm-3, and is directly related to the porosity. 
Decreasing the particle size, or grain, does in general lead to reduce the relative porosity. 
Manufactured carbons contain many types of imperfection when compared to the 
graphite crystal. Prominent among these are voids which may range in size from single 
atom vacancies within the crystal up to large pores in the disordered regions between 
crystallites. Density is a particularly important parameter in describing carbons of all 
types as it gives an insight into the degree of crystalline perfection as well as governing 
many of their physical properties (see chapter 3.1.2.). 
 
The application temperature will also be a determinant factor on the properties of the 
used graphite. One of the main advantages of graphite is that it retains or improves its 
mechanical properties until at least 1500°C (Fig. 13). The evolution of the thermal 
expansion and thermal conductivity with temperature will be discussed in chapter 3.1.2. 
The initial properties of graphites and all graphitic structures will be determined by the 
production processes. 
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Fig. 13 : Variation of the physical properties of electrographite with temperature [50] 
2.2.2. Production of graphite 
 
Fine grain graphites generally consist of grains (or filler particles) and binder usually 
pressed isostatically to provide a macroscopically isotropic material (Fig. 14). The filler 
phase is generally some form of graphitizable coke produced by a liquid phase pyrolysis 
route. The binder is either a resin, such as a phenolic or furan, or a pitch [59]. Fine grain 
graphite can be considered as a particulate filled composite.  
 
Fig. 14 : Schematic representation of the microstructure of fine grain graphite [51] 
 
More generally, a typical way to produce a molded graphite (macroscopically isotropic or 
not) is described in Fig. 15.  
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Fig. 15 : Typical manufacturing process for molded graphite [50] 
 
 
 
Various steps are necessary to obtain a molded graphite and they are fully described in 
[50-52]. There are many differences which can also be the consequence of the precursor 
selection for the molded graphite production. The demands of the industrial revolution in 
the last century, particularly in the metallurgical industry, led to the discovery of 
synthetic routes based on coke and pitch and today almost all graphite for industrial use is 
produced via these routes. 
In this work, focus will be brought on the two majors steps of Heat Treatment (HT) 
which are commonly used in the graphite industry. These are the carbonization and the 
graphitization steps.  
Carbonization is the process of formation of a material with increasing carbon content 
from an organic material, usually by pyrolysis, and ending with an almost pure carbon 
residue ( > 90 weight %) at temperatures over 1200°C (in absence of oxygen). 
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The graphitization process consists of heating either in vacuum or in an inert atmosphere 
of argon or helium to a temperature in the range 2400-3000 °C. This even higher tem-
perature treatment (after carbonization) has a beneficial effect on purity through the 
volatilization of elements such as sodium, calcium, and iron and the removal of hetero-
atoms such as nitrogen and hydrogen which are present after carbonization. It leads to the 
growth of hexagonal graphite structures. The evolution of graphitic structure is 
schematically described in Fig. 16 and is related to the HT temperature. The two heat 
treatment processes by removing some hetero-atoms (other than C) and increasing the 
crystallographic order do lead to shrinkage of the graphitic structures which must be 
taken into account during the production. Residual stresses in CBMs [60,61] have to be 
limited by appropriate constituent selection and temperature ramping before and after HT 
phases. 
 
THT °C  
 
Fig. 16 : Various steps of graphitic organization as function of heat treatment temperature 
THT [50]. 
 
Improved crystal perfection confers increases in thermal and electrical conductivity, 
accompanied by increased anisotropy (which may not necessarily be desirable for ome 
applications). A difference is made in between the materials which are called 
graphitizable and the non-graphitizable ones. Only graphitizable ones will reach long 
range graphite ordering after graphitization process, the others will only reach the 
turbostratic type even after prolonged HT at high temperature. 
2.3. Carbon fiber composites 
 
CFCs are constituted of carbon fibers of various lengths and placed at various 
orientations, depending on the planned application, to obtain a so-called preform within 
which a carbon matrix is infiltrated to densify it. Intermediate steps of chemical and 
thermal treatments are applied to produce the desired preforms and also to tailor the 
interaction between the fibers and the matrix. 
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2.3.1. Carbon fibers 
 
The main interest with the carbon fiber is its high “strength-to-weight” ratio, also called 
the specific strength. This allows producing light and stiff materials. The alignment of the 
graphite crystallites with the axis of the fiber (Fig. 17) is crucial in exploiting the strength 
and stiffness of the a direction of graphite (Fig. 18). The crystallite orientation φ  is 
equivalent to the a direction in Fig. 17. 
 
Fig. 17 : Scheme of the crystallite “orientation” angle φ  in carbon fibers [51] 
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Fig. 18 : Relationships between tensile modulus and preferred orientation for a pitch 
based carbon fiber [51] 
 
This observation supports a move towards more perfectly aligned (Fig. 19), and larger 
crystallites along the longitudinal fiber axis resulting from higher HTTs (Heat Treatment 
Temperature), leading to properties closer to those of crystalline (or ideal) graphite (Fig. 
20) (see also [62]). 
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Fig. 19 : Preferred orientation evolution as a function of the HTT [51] 
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Fig. 20 : Mean interlayer spacing (c/2) evolution of PAN and Mesophase Pitch (MPP) 
fibers in comparison with a well graphitizing coke (petroleum coke) as a function of HHT 
[50] 
 
 
There are a substantial number of different carbon fibers with properties dependent upon 
their origin and conditions of manufacture. In addition to the major classifications based 
on precursor and heat treatment, manufacturers have developed a wide range of 
specialized fibers for various end applications [50,51,63].  
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There are three principal types of carbon fibers:  
-polyacrylonitrile (PAN)-based carbon fibers are more precisely described as being 
carbon- and nitrogen-based fibers. They are mainly produced to obtain high tensile 
strength. 
-pitch-based carbon fibers are of two types. If they are obtained from isotropic pitches 
they reach only low mechanical performances and are used as a felt for insulation 
purposes or as spun yarns which give activated, low-cost carbon cloth (after weaving and 
activating). If they are spun from mesophase pitches (MPP), these fibers can reach the 
theoretical value of Young’s modulus for graphite and have very high thermal 
conductivity. 
-finally, the cellulose-based  fibers, historically the first developed fibers, are spun from 
regenerated cellulose (derivated to rayon) by means of the viscose process  or from liquid 
crystalline state. Cellulose-based carbon fibers have a more isotropic structure, so their 
Young’s modulus and strength performances are therefore lower. They can be 
transformed into high performance carbon fibers by hot-stretching above 2500°C. 
Complete review of types of precursors and production processes of these fibers is out of 
the scope of this work but can be found in [50-52]. 
Globally, the carbon fibers properties are anisotropic and reflect the degree of orientation 
of the graphene layers within the fibers, it self related to the fiber precursor and the 
fabrication processes. 
In addition to this degree of orientation in the longitudinal axis of fibers, various cross-
sectional microstructures can be found (Fig. 21). Processing conditions and precursor 
type will give rise to these various types of cross-sectional microstructures. Types of used 
fibers in the studied CFCs will be described in chapter 3.1.1. 
 
« Pac-man » radial     Longitudinal splits
or cracked radial        Could be damaged due to brittleness
Variable strength
Radial                         Graphite crystallites radiate outwards
similar to the spokes of a wheel
Created by tensile forces during drawdown
Variable strength
Random Shows no obvious crystallite ordering transverse
to the fiber axis like radial or onion skin
Radial foiled High strength and high elongation giving improved
or wavy radial             resilience to crack propagation
Probably developed prior to flow capillary
Onion skin                  Crystallites wrap around the centre c.f. rings of a tree
Created by tensile forces during drawdown
Higher modulus
Flat layer                     Typical of later Amoco fiber, the earlier fiber was radial
Line origin Uses a non-circular capillary
Probably developed prior to flow capillary
Structure often remains if fiber relaxes to a circular  
 
Fig. 21 : Some of the possible cross-sectional microstructures of carbon fibers [50] 
 21
2.3.2. Fiber performs 
 
Carbon fibers, with diameters in the range 5-10 µm (typical values for the used fibers in 
this work), are rarely, if ever, handled singly. Manufacturers normally supply fibers in 
aligned bundles called tows which typically contain 1000, 3000, 6000, or 12000 
individual continuous (or long) fibers, described as 1K, 3K, 6K, or 12K tows. Untwisted 
tows can be spread to give a unidirectional tape (or laminate), which is a useful form for 
certain composite (Fig. 22). In these constructions, the straightness of the fibers gives the 
potential to develop properties close to the theoretical values for true unidirectional fiber. 
Tows can be used directly to make composites or may be woven into conventional fabrics 
in a number of different weave patterns which are common in the textile industry. Fabrics 
offer a valuable method for providing multidirectional fiber reinforcement in composites 
but, because of the brittleness of carbon fibers compared to textiles, the method of 
weaving had to be modified. In this work, no studied CFC had been woven so readers are 
advised to look in [50-52,70] for more details on these techniques. Another type of sub-
unit can be produced by use of short fibers and they are called felt layers. Felt layers can 
either be oriented or have a random orientation of the individual fibers (see chapter 
3.1.1.). 
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Fig. 22 : Most commonly used lay-ups of UD (Uni-Directional) laminates [51] 
 
After production of multidirectional lay-ups of laminates, a needling process (Fig. 23) 
(see [64-66]) can be used to stiffen the orthogonal direction of the laminates and also to 
increase the interlaminar shear strength (this strength can be measured via techniques 
described in [67]). It can also represent some open path for matrix infiltration (see 
chapter 2.3.3.). The hooks of the needles are designed so that fibers stay where they have 
been carried when the needles leave the preform. In terms of mechanical properties, the 
needling process is supposed to be beneficial (for the Z direction) but might also 
damaging (for the X direction) as described in Fig. 23, chapter 3.1.1. and 3.2.2. 
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Fig. 23 : Needling process with hook-fitted needle in the z direction, laminates are in the 
X and Y directions. Optimal needling of Y fiber bundle is represented as well as some X 
bundles which have been damaged when a non-optimized needling process is applied.  
 
 
 
To aid the needling process and reduce friction and fiber damage it is usual for tows to be 
coated with a small quantity of a sizing material, typically uncured epoxide resin applied 
from an organic solvent solution. The presence of the epoxy size can be troublesome in 
CFCs and is usually removed by solvent washing or by heat treatment. Sizing must not be 
confused with surface treatment, which is another process applied to carbon fibers. This 
is an oxidative treatment of the fiber surface carried out by wet chemical, electrolytic, or 
gas phase reactions. Its purpose is to provide, on the chemically inert carbon surface, 
active polar sites which improve bonding of the fiber to matrices [68]. As will be 
discussed later, the mechanics of CFCs (chapter 3.2.1.) depend upon specific mechanism. 
It is, therefore, necessary to tailor the interfacial strength between fibers and matrix (see 
chapter 2.3.3. and [69]) in order to optimize mechanical properties of CFCs and 
producers applied their state of the art technology to do so. 
The types of components, their relative percentages and the ply (or laminate) stacking 
sequence has to be selected in relation to the working environment and the thermo-
mechanical stresses which are expected. Carpet plots (Fig. 24) are the tools used in the 
composite industries to select the most adequate combination. 
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Fig. 24 : Example of carpet plots for a carbon/epoxy composite with 65 vol. % of fibers 
and a 0°/±45°/90° stacking sequence: a)Young’s modulus, b) tensile strength in the 0°-
orientation [70] 
 
After the various steps described before; i.e. selection of the fibers in every reinforcing 
direction, the fiber treatment before and/or after the preform production; the carbon 
matrix can be infiltrated in the selected fiber preform. 
2.3.3. Carbon matrices 
 
The carbonaceous matrix can either be infiltrated by gas or liquid based techniques. The 
matrices which are used in the advanced CFCs for fusion application are preferentially 
infiltrated by deposition in the vapour phase since it allows deeper and more 
homogeneous deposition than liquid impregnation. This method consists in the thermal 
decomposition of carbonaceous gases or vapours onto preheated carbon fibers preform. 
Various gases can be cracked such as methane, natural gas, benzene, propylene and 
xylene. This leads to the deposition of carbon atoms forming step by step layers onto the 
fibers. The principal parameters which govern the rate of carbon deposition are 
temperature, feed gas pressure, and flow rate. Even with this technique, carbon is 
deposited initially on the external surfaces and deposition in depth relies on diffusion 
through the fibrous structure. Inevitably a concentration gradient of deposited carbon is 
established through the thickness of the CFC block and, as the process continues, the 
outer regions become more highly densified (see chapter 3.1.2.). It is then necessary to 
stop the process and cut off the densified skin to allow further access of gas in subsequent 
CVD (Chemical Vapor Deposition) or CVI (Chemical Vapor Infiltration) cycles. This 
laborious procedure is the major drawback of isothermal (the most common form) CVD 
or CVI, so several alternatives have been explored with the aim of reducing overall 
process times and some of them are described in [40, 50-52]. 
The processing conditions and the gas, the type of preform and the fiber surface state will 
lead to various microstructural orientations of the carbon matrix around carbon fibers 
(Fig. 25). 
 
 24
c-axis
tangential 
c-axis
axial 
c-axis
radial 
isotropic 
 
 
Fig. 25 : Various possibilities for the orientation of the carbon matrix around a carbon 
fiber [51] 
 
The same parameters will also influence the type of pyrocarbon matrix which will finally 
occur. Two main types can be distinguished: the non-graphitizable: isotropic and smooth 
laminar and the graphitizable: regenerative rough laminar and rough laminar [57]. 
Detailed review of their differences as well as some process parameters are given in [50-
52,71-73]. Since high thermal conductivity is a requirement in fusion applications, only 
graphitizable matrices are used. Many parameters influence a CFC densification and 
numerous studies are done to improve it [53,57,74-76].  
 
After CVD or CVI, final liquid pitch impregnation can be performed for a more effective 
infiltration of the preform [65]. It is clear that pores (usually containing a major 
symmetry axis parallel to the fiber axis) lower the thermal conductivity, the macroscopic 
density and may act as large defects during mechanical stresses.  
 
After matrix infiltration, several cycles of heat treatments can be done and this up to 
3000°C leading to various materials changes [77,78]. To cool-down to room temperature, 
a very long time is necessary in order to induce as less cracks as possible due to the 
various thermal expansion coefficients of the constituents (see chapter 3.1.2.).  When 
such cracks appear, they are mainly oriented parallel to the fibers. 
 
As discussed previously, the interfacial shear strength (the relative strength of adhesion 
between the fibers and the matrix) is very important to control. The vicinity of fiber and 
matrix can be defined as a graded three-dimensional region and can be summarized by 
Fig. 26. Many investigations are ongoing to better determine the properties of this region 
[79-82]. 
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Fig. 26 : Schematic view of the interface between fiber and matrix [50] 
3. Results and discussion 
3.1. Microstructure and thermo-physical properties 
3.1.1. Microstructure characterization 
 
The investigated CBMs in this work are listed in Table 3. Among those are two fine grain 
graphites and seven CFCs. CX2002U is the Japanese reference material for the outer 
divertor of ITER when NB31, NB41, 3D-DUNLOP and DMS780 are considered for the 
inner divertor of ITER. For practical purpose, CFCs are subdivided in three groups called 
in this work: 3D, 2D and felt types as described in Table 3. In the frame of tasks 
submitted by EFDA (European Fusion Development Agreement), several batches of one 
of these materials, i.e. NB31, have been studied, in order to address the issue of 
reproducibility. Since only very little information is released by the industrials about the 
production process as well as the constituents of the herein investigated CBMs, a reverse 
approach has been applied, starting from what is observable by various techniques. This 
created a vast amount of data of which part of will be added to the main text and part of 
will be found in annexes.  
 
material manufacturer fine grain graphite CFC type
R6650 SGL X -
AXF-5Q POCO X -
NB31 SNECMA 3D
NB41 SNECMA 3D
3D-DUNLOP DUNLOP 3D
DMS704 DUNLOP 2D
DMS780 DUNLOP 2D
CX2002U TOYO TANSO felt 
AO35 CARBONE LORRAINE felt  
 
Table 3 : List of the investigated CBMs 
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For microstructure investigations of CBMs, polarized light microscopy is very useful 
since it allows obtaining a colour contrast in between the phases where the graphene 
layers are oriented perpendicularly to each other. The theory of the technique as well as 
its limitations are described in [81]. In order to use polarized light efficiently, samples 
were mounted in epoxy resin, ground and polished to obtain a flat observation surface.  
 
The fine grain graphites are the materials which were used in the past decades in the 
fusion devices or in the devices of rather small sizes. For facilities of the size of ITER, 
the mechanical properties of fine grain graphite are insufficient to sustain the thermo-
mechanical loads created by the energetic plasma particles as well as the magnetic fields 
owing through the PFMs. Nevertheless, in this comparative study, it is very useful to 
refer to the fine grain graphites as basic materials.   
 
With polarized light analysis it was observed that more micro-pores are present in AXF-
5Q than in R6650 (Fig. 27). However the filler particles are difficult to resolve due to 
their small dimensions. AXF-5Q looks more homogeneous while R6650 displays large 
areas with a single colour, i.e. similar graphene planes’ orientation. Average grain size 
values of R6650 are available from the manufacturer and are supposed to be 7 μm while 
AXF-5Q provides a grain size of 4 μm as it was investigated in [59].  
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Fig. 27 : Polarized light micrographs a) R6650, b) AXF-5Q 
 
 
For the description of CFCs, it is essential to explain the nomenclature used within the 
fusion community for their three orthotropic directions. The X direction is the direction 
with the highest thermal conductivity, Y the one with intermediate thermal conductivity 
and Z the one with the lowest [10]. The relative thermal conductivity is related to the 
material type and content aligned in each respective direction. On the contrary, the used 
graphites are considered as macroscopically isotropic in terms of thermo-mechanical 
properties.  
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Usage of polarized light for CFCs at low magnification reveals the fiber architectures. 
NB31 (all batches), NB41 [83] and 3D-DUNLOP (called “new DUNLOP” in [84]) are 
unbalanced cross-ply laminates (0°/90°) reinforced by a needling process in the third 
orthogonal direction (Z) [64]. Even before the needling process, these CFCs are 
unbalanced since they do not contain the same volumetric percentage (vol. %) of fibers in 
X and Y directions. They have pitch fibers in their X direction and PAN fibers in their Y 
directions. A needling process is applied in the Z direction as it is explained in chapter 
2.3.2, Fig. 23. Hook-fitted needles take some of the PAN fibers (higher strain to failure 
than pitch fibers) and bring them through the thickness. This process is the most effective 
when the needled fibers do not intersect the pitch fibers but pass in between two pitch  
fiber bundles. Needled fibers in 3D-DUNLOP are very few and very short making them 
hardly visible in comparison to NB41 (Fig. 28). This has the advantage to generate less 
laminate waviness than for NB41. Waviness is a side effect of fiber needling which has 
for consequence to favour fiber buckling, thus lowering compression properties. In 
addition, as one of the newest CFC, 3D-DUNLOP heads towards the latest disclosed 
EFDA requirements [84] in which the mechanical properties in the Z-direction tend to be 
lowered. Nonetheless, as it can be seen in Fig. 29, the needled fibers do exist in 3D-
DUNLOP, they are efficiently needled in between the X fiber bundles and their 
orientation can definitely be related to their previous alignment in the Y laminate. In Fig. 
28, individual pitch fiber bundles of 3D-DUNLOP are distinguishable due to the presence 
of inter-bundle cracks generated by mechanical stresses during the cutting process. To 
obtain an inter-bundle crack free surface, like NB41 in Fig. 28, subsequent and careful 
grinding of a mounted sample has to be applied. It means that thick pieces of CFCs have 
to be used and due to the small amount of 3D-DUNLOP material available, it was not 
possible to achieve an inter-bundle crack free surface. 
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Fig. 28 : Polarized light micrographs of a) NB41, b) 3D-DUNLOP 
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Fig. 29 : top view SEM micrograph of 3D-DUNLOP (Z) fracture surface after tensile test 
a) overview, b) zoom on a group of needled fibers 
 
 
For DMS704 and DMS780, the used architecture (2D) is based on a balanced cross-ply 
laminate with felt layers of short fibers intercalated in between each orthogonal laminate 
(Fig. 30a). The fibers in the felt layer are preferentially aligned as shown in Fig. 30b. 
They are mostly oriented at ±45° from the X direction, in the XY plane. Needling process 
is applied in between two consecutives felt layers (Fig. 31). These two materials are 
exclusively made of PAN fibers and the directions X and Y are equivalent. 
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Fig. 30 : Polarized light micrograph; a) DMS780 overview, b) DMS780 felt layer 
 
 
 29
Y
X Z
needled fibers
Felt layers
 
 
Fig. 31 : Polarized light micrograph of DMS780 showing needled fibers 
 
 
 
In comparison to the previously described CFCs, CX2002U and AO35 are of so-called 
felt type. They are not constituted of groups of thousands of long fibers oriented in 
different directions but smaller groups of short fibers which are preferentially aligned and 
punched by needles in various directions. AO35 is made of PAN fibers while CX2002U 
is made of rayon fibers.  
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Fig. 32 : Fiber architecture overview of a) CX2002U, b) AO35 
 
A three-dimensional reconstruction of NB31 and DMS780 was done and both materials 
are presented in Fig. 33 in order to have a better global overview of an as-received CFC 
block. 
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Fig. 33 : 3-D pictures of a) NB31, b) DMS780. 12 mm3 blocks. 
 
After determining the fiber architecture of all CFCs (see Annex 1), it is very useful to 
quantify the vol. % of each of the sub-units (laminates, felts, needled fibers). It can be 
further used for FEM calculations but also to understand the off-axis thermal behaviour 
(see chapter 3.1.2.). All the following results were done by image analysis with the 
AnalySIS® software. 
The vol. % as well as the average width of each sub unit of the CFCs are presented in 
Table 4. These results have been obtained from polarized light micrographs of areas 
larger than 9 mm2 for each orthotropic direction. The vol. % from each micrograph was 
normalized on the overall analysed area. The porosity was then deduced and compared 
with the porosity values provided by the manufacturers. These two values were in fair 
agreement. NB31, NB41 and 3D-DUNLOP have relatively similar characteristics in 
terms of vol. % for X and Y directions even if their width are different. The similarities 
between the two SNECMA were expected since NB41 is just the upgraded version of 
NB31, however these results prove that the 3D-DUNLOP laminate balance (between X 
and Y) is very comparable to the SNECMA one. Solely the vol. % in the Z direction 
differs by a factor close to two in relation with the type of needling process used as 
discussed earlier. No major difference could be determined between DMS704 and 
DMS780 with these observations. Felt materials are atypical by their high porosity (data 
from producers) and their very dissimilar vol. % in comparison with the 3D CFCs and to 
one another. This confirms that very different techniques were used for the fiber preform 
even if the thickness of matrix can also play a determinant role. 
 
material X Y Z felt layer X Y felt layer vol. % porosity
NB31 60 20 12 - 900 300 - 8
NB41 62 18 12 - 850 250 - 8
3D-DUNLOP 66 20 6 - 650 250 - 8
DMS704 23 23 2 40 500 500 500 12
DMS780 23 23 2 40 500 500 500 12
CX2002U 58 13 8 - - - - 21
AO35 35 28 13 - - - - 24
volumetric percentage in direction averaged width in direction [μm]
 
 
Table 4 : Volumetric percentages and width of relevant CFC sub-units 
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There is, in total, 35 vol. % of fibers in NB31 [83], which means that 57 vol. % of the 
material is made of matrix. Laminate CFCs can achieve very high vol. % of fiber in 
comparison to short fibers CFCs so that matrix is considered to be the constituent with 
the highest vol. % of the CFCs used in this study. 
Observation of the cross sections of fibers allowed determining the average diameter of 
the circular fibers but also observing that some fibers were more oval than others (see 
Annex 2). Values as well as average deviations from the circular fibers are reported in 
Table 5. The dimensions of the oval fibers are not published here. Non-circular fibers 
(pitch or PAN) are usually related to an unadapted or non-optimized fiber selection 
and/or heat treatment. 
 
 
 
material X Y X Y
NB31 7.9 (pitch P55) 6.32 (PAN) 1.76 0.38
NB41 9.76 (pitch P25) 6.48 (PAN) 1.18 0.4
DMS704 8.58 (PAN) - 1.76 -
DMS780 7.72 (PAN) - 0.42 -
AO35 7.84 (PAN) - 0.62 -
averaged fiber diameter  [μm] averaged deviation  [μm]
 
 
Table 5 : size of the circular fibers for the various CFCs 
 
 
 
The typical diameter of the PAN as well as the pitch fibers used in the studied materials 
is around 6 to 10 μm. It is know from the literature [47,84] that NB31 contains P55 pitch 
fibers when NB41 and 3D-DUNLOP contains P25 fibers (fibers with lower thermal 
conductivity and Young’s modulus [85]). The variation of diameter of P55, in NB31, is 
higher that the one of P25 in NB41. Since NB41 is the upgraded version of NB31, we can 
assume that P25 fibers were selected for their more homogeneous shrinkage during heat 
treatment. The comparison of P25 fibers from NB41 and 3D-DUNLOP shows (see 
Annex 2) that CFC production processes lead to completely different shape of fibers in 
the final materials. Full explanation of the observed discrepancies between the fibers 
from the same or various types are connected to the material processing. All the details, 
i.e. concerning the heat treatment as well as the fiber surface treatments and finally the 
fiber production history, are necessary to understand the deviations from the averaged 
diameters and they constitute the core of the industrial secret. Fibers of CX2002U [86] 
have an irregular, crinkled cross-section, as shown in Fig. 34. This is typical of rayon 
based fibers. 
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Fig. 34 : SEM micrograph of the fracture surface of CX2002U after tensile test showing 
the typical crinkled cross-section of rayon fibers. 
 
Fig. 35 shows that P55 fibers used in NB31 are of flat-layer type (see Fig. 21). Most of 
the PAN fibers are from radial type however some microstructures were difficult to 
resolve (Fig. 36). It is also noticeable that all the used matrices are highly oriented and c-
axis radial ones (see Fig. 25); this statement is valid for rayon (Fig. 34), pitch (Fig. 35) 
and PAN (Fig. 36) fibers and for all the studied CFCs. C-axis radial matrix allows to 
conduct the heat very efficiently along the fiber and limits conduction from the matrix to 
the fiber. The aim of CFCs for fusion application is to remove the heat to the coolant as 
fast as possible. The choice of c-axis radial matrix by the manufacturers highlights the 
fact that they wanted to favor heat conduction along the fibers and not across them.  
 
 
c-axis radial
matrix
flat layer P55 
pitch fiber
 
 
 
Fig. 35 : SEM micrograph of P55 pitch fiber of NB31 coated with c-axis radial matrix. 
The flat layer microstructure of the pitch fiber is clearly visible. 
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Fig. 36 : SEM micrograph of PAN fiber of NB31 after tensile test showing fiber 
microstructure. 
 
It is broadly accepted that fibers are present in CFCs to improve the mechanical 
properties of graphite (mostly true for long fiber CFCs, see chapter 3.2.2.) and to provide 
a base structure for an oriented matrix deposition. Some differences between matrices are 
visible even if the extinction angle [73,87] of each one was not acquired here. Firstly 
several types of matrices were used in various CFCs as proved in Fig. 37. The matrix 
which is the closest to the fiber is made of pyrocarbon deposited by CVI process and the 
matrix in the outer shell is the one created by liquid pitch impregnation [84]. In this 
figure, clear Maltese crosses [81] are visible (obvious boundaries between interference 
colours), proving again that the two matrices are c-axis radial. Pyrocarbon matrix was 
deposited “layer by layer” following the surface of the fiber while the pitch matrix was 
used under liquid state, as a second stage, to fill more pores and confer a higher density to 
the CFC. Thanks to the polarized light technique we can conclude that, after proper heat 
treatment, the pitch matrix aligned with the pyrocarbon matrix to have the same 
orientation around the fibers (c-axis radial) as shown in Fig. 37.  
 
 
Various thicknesses of these matrices were observed within the structure of laminate type 
CFCs (3D and 2D) depending on the available space for the infiltration to occur. In these 
CFCs, on one hand, a very thin (or even no) matrix is observable in the center of the fiber 
laminates since the fibers are often in direct contact one to another, leaving almost no 
space for any matrix to be deposited. On the other hand, higher thicknesses (up to 25 μm) 
are visible on the fibers located at the laminate interfaces. Before the needling process, 
the laminates are assumed to have a homogeneous fiber density but when the needling 
process is applied, this leads to increase this density near the needled fibers and decrease 
it in between two groups of needled fibers. As a consequence, more space is available for 
matrix infiltration at the laminate interface located in between two consecutive groups of 
needled fibers. It was also observed that at each location where the needled fibers are 
changing orientation, and are thus bended, thicker matrix deposition occurred; this is 
related to the same fiber density explanation. In felt type CFCs, the fiber density is much 
less than in laminates CFCs, thus more space is available and the effect of needling is 
also lower. In CX2002U (Fig. 38), the matrix thickness is thus much more homogeneous 
(about 25 μm on almost every fiber) than for the other CFCs. It confirms that the vol. % 
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of matrix should be even higher than for NB31 (57 vol. %) so that the role of the matrix 
in thermal transport should be even more essential in comparison with NB31, this clearly 
highlights the different strategies used by the manufacturers for a same purpose.  
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Fig. 37 : Polarized light micrograph of NB41 showing two distinct matrices and 
inhomogeneous fiber density. 
 
 
 
rayon fiber
matrix
 
 
Fig. 38 : Polarized light micrograph of CX2002U showing rather large and homogeneous 
matrix thickness. 
 
 
However, a low fiber density CFC preform does not necessary lead to obtain a 
homogeneous matrix deposition [53]. Globular structures appeared on the matrix-coated 
fibers of AO35 (Fig. 39), they denote a rather inhomogeneous deposition process which 
can be the consequence of the type of matrix (impurity content), of fiber coating or of the 
deposition conditions. In Fig. 39b, the fracture surface of AO35 is also presented, 
demonstrating that these globular depositions of carbon matrix are not linked to any 
surface preparation but to the material production. No globular deposition was noticed in 
any of the other analysed CFC. 
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Fig. 39 : a) Polarized light micrograph of AO35, b) SEM micrograph of the fracture 
surface of AO35 after tensile test. 
 
Finally, a large amount of tangled cones were observed on longitudinal cross-sections of 
the fibers of DMS780 (Fig. 40), AO35 and the SNECMA material; these cones are 
commonly considered as being typical of a rough laminar CVI matrix [73]. 
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Fig. 40 : Polarized light micrograph of a longitudinal cross-section of a DMS780 PAN 
fiber displaying tangled cones typical of rough laminar CVI matrix. 
 
In addition, five batches of NB31 and one batch of NB41 were studied and major 
microstructural differences were related to the needling process. Fig. 41 and Fig. 42 
illustrate the variability which could be found and the consequences of an excessive 
needling process. Image analyses of the different materials of SNECMA were performed 
to distinguish the variations in terms of needling area and fiber laminate width (Fig. 43). 
More than 100 values for each data point were acquired on micrographs similar to Fig. 41. 
The X and Y laminate width for all the CFCs varied only in the single averaged deviation 
bars of the pilot production’s values, except for the Y laminate of NB41. On the contrary, 
very large variations of the needling areas (above 30%) are reported. The consequences 
of these variations on the mechanical behaviour are discussed in chapter 3.2.2.  
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Fig. 41 : a) NB31 pilot production, b) NB31 serial production IPP. 
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Fig. 42 : Cracks in pitch fiber bundle induced by excessive needling process. Higher 
magnification of Fig. 41b. 
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Fig. 43 :a) Illustration of the used way to analyze a  CFC optical picture, b) relative 
needling area and laminate width of SNECMA materials normalized on the NB31 pilot 
production. 
 
 
3.1.2. Thermo-physical properties 
 
To enlarge the ITER database [10], analysis of density, thermal conductivity and thermal 
expansion of CFCs were performed. The main results are presented here and complete 
reporting can be found in work published with co-authors [88,89,111]. 
 
Density 
 
The main aim of producers is to achieve a homogeneous densification of a fiber perform, 
which is a very difficult task to realize. To do so, they have to limit the thickness of the 
blocks. Nevertheless, they end up with a material showing a certain amount of 
discrepancies between the inner and the outer volume of such a block. For fusion 
application, the most important is the X direction and blocks are usually limited to a 
thickness below 10 cm in this direction. This thickness is nonetheless considered as very 
challenging. Fig. 44 illustrates density scattering within four NB31 blocks. These values 
were calculated from dry weight and physical dimensions measurements. 
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Fig. 44 : Example of density evolution within four NB31 blocks (pilot production) 
 
The average densities, provided by the manufacturers, of all studied CBMs are reported 
in Table 6. It is interesting to note that the density of R6650 is slightly lower than the one 
of AXF-5Q, and this, even if the observed porosity (see Fig. 27) seemed to lead to the 
opposite conclusion. This means that constituents of AXF-5Q have higher individual 
densities. Consequently the average density can not directly be related to the material 
porosity. Wide ranges of densities can be obtained depending on the carbon precursor; 
however they are all lower than the theoretical density of graphite crystal if no heavier 
impurity than carbon is present. 
 
material average density [g.cm-3]
R6650 1.85
AXF-5Q 1.86
NB31 1.87
NB41 1.94
3D-DUNLOP 1.83
DMS704 1.87
DMS780 1.81
CX2002U 1.67
AO35 1.78  
 
Table 6 : Average densities of the studied CBMs (manufacturers’ data). 
 
The density of felt materials is in general, and here in particular, much lower than the 
ones of laminate CFCs. The fact that the felt preforms are very porous structures and the 
aim of achieving high thermal conductivity materials can be in contradiction. The 
presence of porosities has a negative impact on the thermal conductivity since air is 
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considered as thermal isolator in comparison with graphitic structures (even in the c 
direction). This could indicate that fully densified materials are theoretically the best heat 
conductor. However densification should not be performed at the expense of the degree 
of orientation of the matrix, homogeneous and highly oriented matrix has to prevail over 
more isotropic matrix. Therefore, expensive liquid impregnation processes of pitches are 
developed and applied to some of the studied CBMs to provide a high density material 
infiltrated with highly oriented matrix (see Fig. 37). Nevertheless the question arises if 
saturation will be reached for a certain density, over which the gain over cost ratio is too 
low. 
 
Thermal conductivity 
 
Measurement of the thermal conductivity represents a crucial assessment of the 
anisotropy of CFCs. The determination of the thermal conductivity is based on the 
measurement of the thermal diffusivity a [m2.s]. In combination with the density ρ  
[kg.m-3] and the specific heat Cp [J.kg-1.K-1] of the material, the thermal conductivity λ           
[W.m-1.K-1] can be calculated as a function of the temperature T (Equation 2). 
 
Equation 2 : ( ) )()()( TCTTaT p××= ρλ  
 
Thermal diffusivities were measured with a laser flash apparatus from THETA (USA). In 
this method, a small disc-shaped sample is loaded by a short laser pulse and the resulting 
temperature increase on the back side of the sample is measured. From the slope of the 
temperature versus time curve, thermal diffusivities can be calculated. For the 
measurements, depending on the batch, one to three specimens with a diameter of 10 mm 
and a height of 5mm were measured per fibre orientation. The experiments were 
performed in the temperature range between room temperature (RT) and 1200°C in 
intervals of 200°C. Up to five data points were taken at each temperature and a mean 
value was calculated. The measurements were performed under vacuum conditions.  
Heat capacities were measured by means of a Netzsch differential scanning calorimeter 
DSC 404-C Pegasus. In this device, a small sample is loaded in a controlled heating cycle 
and the temperature response of this sample is compared to those of a reference sample. 
The heat flux to and from the sample is a measure for several thermo-physical parameters 
(transition enthalpies, transition temperatures, heat capacities). The measurements were 
carried out between 50 and 1200°C and the obtained data then extrapolated to RT. These 
data are available in [88,89] and here will only be discussed the thermal conductivity 
values. 
It must be noted that the thermal response of the CFC sample was assumed to be 
homogeneous. The validity of this assumption was assured by the fact that the area of the 
sample surface seen by the detector was much larger than the scale of the microstructure 
The thermal conductivity in CBMs is phonon dominated [90] as most of the ceramics due 
to the low density of conduction band electrons [91]. According to the quantum theory, 
the crystal lattice vibration can be described by the phonon interaction. The energy 
transmission mainly depends on the acoustic phonon, which is regarded as the elastic 
wave interacting with the materials. 
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Phonon interaction in CBMs is divided into three types: (1) phonon-phonon interaction; 
(2) phonon defect interaction; (3) phonon-interface interaction. In the phonon-phonon 
interaction, the mean free path is the most sensitive to temperature [92]. As such, it is 
known that the maximum thermal conductivity is located around the room temperature 
(RT) and decreases for higher temperatures as a result of increasing thermal resistance 
due to Umklapp (or phonon-phonon) scattering [91]. The thermal conductivity also 
decreases below RT but this will not be further discussed since it falls out of the scope of 
this work, regarding the expected operation temperature range of CBMs in fusion devices 
(>200°C). 
 
For the determination of the thermal conductivity of the various CFCs and in order to 
fully characterize their anisotropy, different orientations were investigated and are 
presented in Fig. 45. The X, Y, Z are the standard orientations while the tilted ones (15°, 
30° and 45°) where especially produced to understand the off-axis thermo-physical 
response of CFCs and to generate a reliable and more complete database which might be 
used for modelling purpose. 
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Fig. 45 : Sketch of the used orientations in this work, the green arrows symbolize the 
thermal or mechanical load direction 
 
Fig. 46 is a good example to show how the thermal conductivity is highly anisotropic in 
CFCs, decreases for increasing temperatures and may be influenced by density. It was 
demonstrated that density can vary within a block (Fig. 44) and as expected the thermal 
conductivity increases for a CFC better densified with highly oriented graphitic matrix.  
Additional results can be found in Annex 3 and in [88,89]. In Annex 3, NB31 pilot 
production and 3D-DUNLOP are supplementary evidences that the thermal conductivity 
can vary and reach higher values for densities slightly superior.  However saturation was 
observed for densities above 1.9 g.cm-3 (in the case of NB31) and it was reported in [89]. 
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Fig. 46 : Example of thermal conductivity in the X, Y, Z directions of CX2002U as a 
function of temperature 
 
 
In Table 7, the RT thermal conductivity values of all the investigated CBMs are 
displayed for various orientations. These data should be regarded as indications and not 
fixed values since large discrepancies can be found during tests and within literature, 
though they allow drawing conclusions. The thermal conductivity anisotropy of CFCs is 
clearly visible and must be related to the fiber architecture. DMS704 and DMS780 have 
equivalent thermal conductivity in their X and Y directions due to their balanced 
architecture and the use of the same carbon fibers in both directions. The thermal 
conductivity of felt materials is very different between CX2002U and AO35 with a clear 
advantage for the first. This can be due to the presence of a more homogeneously 
deposited matrix for CX2002U, which is believed to play the main role in thermal 
transport in CFCs as the major constituent in terms of vol. %. Thermal conductivity 
values of CX2002U exceeds the best investigated 3D or 2D CFCs even if it is a very 
porous material, meaning that the constituents are from higher quality and/or that the 
fiber architecture favourites thermal transport.  
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material X Y Z
R6650 90 - -
AXF-5Q 90 - -
NB31 320 120 90
NB41 400 110 70
3D-DUNLOP 300 120 50
DMS704 300 300 70
DMS780 300 300 70
CX2002U 410 310 170
AO35 100 100 75
RT thermal conductivity [W.m-1.K-1] in direction
 
 
Table 7 : Average RT thermal conductivity of the investigated CBMs. 
 
The CFC anisotropy should be related to the types of fibers and matrices used for each 
CFC but also to the vol. % of each sub-units in every relevant direction. Models based on 
the so-called rules of mixtures for laminate CFCs, have been developed to predict the 
thermal conductivity of composites as a function of the properties and of the vol. % of the 
individual constituents [93-98]. An electrical analogy (based on Ohm’s law) has been 
applied in these references and the reverse methodology has been used in chapter 3.3. and 
annex 6 for the numerical simulation of thermal shock on a heterogeneous anisotropic 
material by Finite Element Methods (FEM). This so-called reverse mesoscopic rule of 
mixture [70,75,94] consists in starting by measuring the macroscopic thermal 
conductivities in the main fibrous directions as well as the vol. % of each sub-units to 
extract the thermal conductivity of the sub-units. This methodology relies on experiments 
and highlights the importance of the vol. % of the constituents on the overall degree of 
anisotropy of laminate CFCs. 
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Fig. 47 : Direction dependence of RT thermal conductivity of three CFCs for various 
orientations. 
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Fig. 47 displays experimental results of RT thermal conductivity of three different CFCs 
of various types. It shows that, depending on the fiber architecture and on the material 
content in each fibrous direction, the evolution between the X and Y directions of RT 
thermal conductivity follows various tendencies, in any case deviating from a strictly 
linear evolution. In addition, for DMS780 where the X and Y directions are equivalent, 
the evolution leads to a minimum for the 45° orientation. This reflects and confirms the 
fact that the evolution of thermal conductivity in a crystallite or some highly oriented 
carbon fiber and matrices with the orientation θ  (in respect to the heat flux) evolves as 
described in Equation 3 [99], where λ// is the longitudinal thermal conductivity (parallel 
to a axis) and λ┴ the transverse one (perpendicular to the a axis). 
 
Equation 3 : )sin()cos()( // θλθλθλ ×+×= ⊥  
 
Fig. 48 gives evidence that the difference of thermal conductivity in between the tilted 
orientations (15°, 30° and 45°) can be rather high at RT while becoming negligible at 
high temperatures (see also annex 4).  
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Fig. 48 : Thermal conductivity of DMS780 for the tilted orientations (15°, 30° and 45°) 
as a function of temperature.  
 
It is known that the transverse conductivity of individual fibers can be as low as 100 
times less the one of the longitudinal direction but in a laminate with the presence of a 
highly oriented matrix between the adjacent constituents, the transverse conductivity can 
reach values only four times lower than in the longitudinal direction [100]. The heat 
conduction path trough laminates, via connected layer planes of matrix around adjacent 
fibers, has been depicted in [97,100]. This explains why RT thermal conductivities above 
50 W.m-1.K-1 are observed in the studied CFCs while only a very small vol. % of fibers is 
aligned in this direction. 
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In the future it will be necessary to investigate and to distinguish the respective thermal 
conductivity of the individual constituents from composites with unknown processing 
history in order to further promote the possibility of analysing CFCs. Actually, a 
technique called Scanning Thermal Microscopy (SThM) is being developed [101-103] 
based on AFM (Atomic Force Microscopy) in which the tip (cantilever) is replaced by an 
ultra-miniature temperature probe. It enables measurement of physical properties with a 
lateral resolution ranging from micrometers to nanometers. 
 
Thermal expansion  
 
The graphite crystal is also highly anisotropic concerning its thermal expansion. Graphite 
expands in the c direction while it contracts in the a direction up to about 400°C [104]. 
As a consequence all the graphitic structures will have anisotropic thermal expansion too.  
All specimens for thermal expansion measurement were machined into cylinders of 4 mm 
diameter and a length of 25 mm. The samples were placed individually in a vertically 
mounted alumina pushrod dilatometer type L75 from Linseis® under an argon 
atmosphere. The dilatometer used a linear variable differential transducer to detect the 
changes in length of the samples for various temperatures. 
 
 
Results for CX2002U are plotted in Fig. 49, they clearly demonstrate that the thermal 
expansion in the Z direction is significantly higher than in the X and Y direction. The 
thermal expansion in the Z direction of CFCs is usually the highest of the three main 
directions (X, Y, Z) since it provides the largest amount of transversally oriented fibers. It 
also proves that the thermal expansion increases for a larger tilting angle (among the 
studied ones) as a consequence of the unbalanced structure of CX2002U. The same 
tendencies are also valid for NB31 (Annex 5). Values for tilted orientations of DMS780 
are just slightly higher than in X (or Y) directions and may be assumed to remain 
unchanged (Annex 5). This is actually due to the balanced structure of DMS780 which 
makes the angular evolution of thermal expansion of the X laminate to be compensated 
by the opposite evolution of the Y laminate. The fact that thermal expansion remains 
quasi-constant for the studied tilted orientations leads to conclude that the preferential 
alignment of short fibers within the felt layer (see Fig. 30b) is also of balanced ratio at ± 
45°. Thermal expansions of NB31 (X, Y, Z) and DMS780 (X,Y,Z) were extracted from 
[10] and reproduced following producer information, respectively. The information that 
the thermal expansion of the NB31 15° sample is similar to the one of the Y direction 
(after [10]), highlight the large discrepancies which may happen when the same materials 
are tested in different facilities and the consequent difficulty to compare data. 
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Fig. 49 : Thermal expansion of various orientations of CX2002U as a function of 
temperature. 
 
Thermal expansion values are only displayed from 300 to 900°C for clarity reasons since 
the behaviour was found to be linear in this temperature range. Theories for converting 
thermal expansion from one temperature range to another have been developed [104]. 
Some rules of mixture for thermal expansions are proposed in [93,94]. 
 
3.2. Mechanical testing 
3.2.1. Fracture mechanisms for CBMs 
 
Despite attractive properties (chapter 1.7.), fine grain graphite suffers from two serious 
drawbacks which are its mechanical weakness and its brittle type of failure. Various 
theories about crack propagation in polycrystalline graphite are available and described in 
[59]. What is essential to extract from these complicated studies is that polycrystalline 
graphite fails in a brittle manner under mechanical load and crack deflection around the 
filler particles is very low. Typically the tensile strength of a high grade polycrystalline 
graphite at RT is of the order of 35 MPa compared with 135 MPa for a brittle metal (cast 
iron). However, at 2500°C the tensile strength of graphite can still be not negligible 
whereas most metals have melted. Consequently many attempts to take advantage of its 
thermal capability have been made and CFCs are the result. 
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For the understanding of the mechanical behaviour of CFCs, concepts have been 
developed for brittle matrix composites (like Cook and Gordon mechanism [105,106], 
see [107] for felts composites). Typically the matrix in CFCs has a strain to failure of less 
than 0.5% which is lower than that of the fiber (1.0-1.5%) and the matrix is generally 5 
times less stiff than the fibers [108]. The weakness of the matrix arises from the 
multiplicity of cracks, voids, and other defects which are as a result of material losses and 
thermal expansion mismatches during the high temperature production processes.  
Application of tensile stress to CFCs causes cracking and failure of the low elongation 
matrix well below the failure point of the fiber. If a strong bond exists, the transverse 
cracks will penetrate the fibers, causing them to fail at a strain which is characteristic of 
the matrix and far below the ultimate strain of the fibers themselves. The whole 
composite will then fail in a catastrophic, brittle manner and the fibers will never achieve 
their full reinforcing potential. Thus, the principal factor for the avoidance of brittle 
failure is the requirement for rather poor adhesion between fiber and matrix so that cracks 
originating in the matrix when stressed will not penetrate into the fiber, the energy of the 
growing crack tip being dissipated in the annular interfacial zone. In this way the full 
strength of the fibers can be exploited [49,65,106,109]. This concept is particularly 
important for tensile and flexural modes of stress, but is less significant in compression 
where the role of the matrix is to provide support against fiber buckling. Unidirectional 
CFCs made according to this concept are characterized by high tensile and flexural 
strengths in the fiber direction with low values of shear strength and poor mechanical 
properties in directions transverse to the fibers. 
Improvements to the transverse properties may be done by the incorporation of fibers at 
various angles to the initial (0°) fiber direction as it is done in a conventional composite 
lay-up. This may be achieved by layering fibers in, e.g. 0°, 90°, ±45° orientations. A 
sound judicious selection of reinforcing directions results in a composite with virtually 
orthotropic properties although the fiber content and the magnitude of the investigated 
mechanical property will be lower than in the fiber direction of a unidirectional 
composite (Fig. 50). 
 
 
Fig. 50 : Example of Young modulus evolution for various loading angle φ  with a single 
lamina and for two laminates with different stacking sequences, composed of epoxy/50% 
glass fibers [94] 
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Like for graphite, the strength of CFCs increases at elevated temperatures, reaching a 
maximum at about 1500 °C. This can be explained by the fact that during cooling-down 
from the production temperature of CBMs to RT, micro-cracks or even pores have been 
preferentially formed between the various constituents. Their formation leads to internal 
stresses/strains around and at their interfaces. When mechanical tests are performed at 
high temperatures, the materials expand and tend to fill the pores and cracks 
(phenomenon called crack bridging). It reduces the number of sites which were acting as 
crack initiator and internal stresses/strains. Above 1500°C there is a continuous decrease 
such that at 2000 °C the strength is substantially the same as at room temperature and 
above 2000 °C plasticity becomes apparent characterized by the fall in Young’s modulus 
and the rise in strain. This lowering of the mechanical properties of CBMs when the 
temperature increases will occur due to mechanical stresses solely due to anisotropic 
thermal expansion. Complete review of the mechanical behaviour of CBMs at various 
temperatures can be found in [50,51,73]. Since the operation temperature of CFCs in 
ITER will be lower than 2000°C [18], only mechanical tests at RT have been performed. 
 
Similar to most of the other ceramic-like materials, the strength of carbon is dominated 
by the presence of flaws which adds to the problems of crystal anisotropy, making the 
prediction of mechanical behaviour problematic. For this reason a statistical approach is 
often adopted based on probabilities of, e.g. strength values exceeding a target value 
[59,73,110]. The concept of Weibull modulus is appropriate when dealing with the 
mechanical properties of carbon-based materials. It is a measure of failure probability 
which recognizes that large specimens have a greater population of larger flaws and 
hence poorer mechanical properties than small specimens. Results of Weibull moduli 
have been disclosed in [59,89,111] and will not be discussed herein. 
Mechanical intrinsic differences between PAN and pitch fibers are well understood from 
a structural point of view. PAN is an organic precursor made up of long polymeric 
chains; thus, the resulting carbon layers in the fibers are rather long and defect-rich. The 
high strength of PAN-based fibers is related to these defects which inhibit the slipping of 
neighbouring units [50,51,112,113]. By heat-treatment of such fibers to above 1500°C, 
thermal annealing of defects produces a decrease in strength. In MPP-based carbon fibers, 
the density is higher and layers are much more highly ordered. Tensile modulus (or 
thermal properties) are therefore much higher in these fibers. Then if an application 
requires high strength, PAN fibers will be preferentially selected while MPP fibers tend 
to be picked for high modulus requirements. 
3.2.2. Bending and tensile testing 
 
Bending tests are considered by industrials as technological tests. They apply them in 
order to check the accuracy of their private model [65] set up as a combination of tensile 
and compressive test results. In the frame of this work, 3 point bending was performed 
within the Scanning Electron Microscope (SEM) to compare the crack patterns for 
various CBMs. Results are presented in Fig. 51 for R6650, NB31 and DMS780 (X 
directions for CFCs). As expected the failure of R6650 occurred in a brittle way with a 
sudden rupture while CFCs fail stepwise. Their fiber reinforcement proves to be efficient 
in avoiding brittle failure. NB31 presents faster increase of the load in this displacement 
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controlled tests of CBMs bars with dimensions of 50 mm length, 4 mm height and 5 mm 
thickness. This higher load ramping of NB31 is attributed to its higher vol. % in the X 
direction (Table 4). The type of fiber also plays a role but since we do not have access to 
the properties of the individual fibers (after treatment by the manufacturers), too many 
assumptions would have to be done to be able to compare the used pitch and PAN fibers.  
 
As an example, the SEM micrograph of the DMS780 sample is shown, the crack pattern 
can be observed. Cracking starts as expected from the side where the tensile stresses are 
applied and propagate towards the face with compressive stresses. The path followed by 
the crack is dependent on the local fiber architecture and varies between the laminates 
with fibers at 0° (Y direction here) with a very straight crack path to a zig-zag type in the 
felt layer and finally a crack deflection of up to few mm is observed when the crack 
reaches area with 90° fibers (X direction here). The crack is always deflected along the 
path which will oppose the least resistance, i.e. the weakest parts of the CFCs: the 
interfaces fiber-matrix. Such crack deflection, at various scales, allows dissipating energy 
during crack propagation. A long crack path thus leads to high energy dissipation and 
macroscopically permits to reach longer elongation before complete failure.  
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Fig. 51 : Load-displacement curve during a 3-point bending at RT of various CBMs and 
side view SEM micrograph of broken DMS780. 
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A large number of tensile tests was also performed on various CFCs, they lead to observe 
very different types of cracks patterns as it can be seen in Fig. 52. The fracture surface of 
NB31 is the largest of the three CFCs presented with large differences of height between 
adjacent laminates. The crack path is almost straight for the felt type CFC AO35 (as for 
CX2002U) and the crack pattern of DMS780 can be considered as a mixture between felt 
and laminate type as the fiber preform is constituted of the both fiber arrangements. More 
globally, the ratio between the effective fracture surface and the tensile specimen cross-
section area would be the ideal measure to compare brittleness of the CBMs and their 
efficiency to deflect cracks. Unfortunately, available optical or mechanical profilometry 
systems nowadays do not permit to obtain a combined sufficiently high spatial and 
vertical resolution, necessary for the determination of the fracture surface.  
 
NB31(X)
AO35(X)
DMS780(X)
 
 
Fig. 52 : Side views of tensile specimens (loaded along their X directions) after ultimate 
failure showing very different fracture surfaces. 
 
Few tensile tests were conducted in the SEM in order to observe the crack propagation 
which turned out to be very difficult and in some cases even impossible due to the very 
fast propagation of the crack during a tensile test in comparison with a bending test. 
However, the results are plotted in a conventional load-displacement curve (Fig. 53) due 
to the absence of an extensometer during the test. They clearly show that the CFCs have 
an anisotropic mechanical response in accordance to their microstructural set-ups. It also 
demonstrates that NB31 due to the significant needling process (serial production) can 
reach tensile properties in the Z direction which are almost as high as in the Y direction. 
In addition, the tensile behaviour of NB31 (Z) is even better than the one of DMS780 (Z) 
since SNECMA reinforcement allowed deflecting significantly the crack path as seen in 
Fig. 54. Differences in the ability to deflect cracks are also clearly visible on the fracture 
surfaces of R6650, DMS780 (Z) and NB31 (Z) (Fig. 55). For the fine grain graphite, only 
a surface roughness of few μm is noticed. For DMS780, fracture took place within the 
felt layer (as most of the studied samples for this CFC and DMS704), confirming the fact 
that this layer is mechanically the macroscopically weakest due to its high porosity and 
the presence of short fibers only. On the NB31 fracture surface, a group of needled fibers 
appear providing some pulled out fibers at various lengths. This gives evidence for  the 
efficiency of the applied needling process. 
Results of tensile tests from AO35 X and Y indicate that the density plays a significant 
role since the X direction is supposed to be stronger than the Y (as a consequence of the 
vol. %) but as the density of the X sample was lower (1.78 compared to 1.85 g.cm-3), the 
 50
tensile behaviour was worst. The high amount of porosity has most likely acted as an 
assembly of large defects leading to stress concentration and premature failure.  
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Fig. 53 : Load-displacement curves of various CFCs under tensile loading. The groups of 
points were generated when SEM micrographs were acquired. The data acquisition was 
stopped after 200 µm of displacement.   
 
 
a b
Z
Y X
Z
Y X
 
 
Fig. 54 : SEM micrographs of a) NB31, b) DMS780 loaded in tension along their Z 
direction. Effect of needled fiber on crack deflection is evidenced. 
 
Most of the RT tensile tests performed on various CFC batches were conducted on an 
INSTRON 5565 facility using an experimental set-up shown in Fig. 56. While the load 
cell, situated above, had a measurement range of ±10 kN the maximum applicable load 
was 5 kN, limited by the clamping system. The strain was measured within the range of 
constant cross-section of the samples using an extensometer (10±1mm). Rubber bands 
applied the necessary force to keep the extensometer blades in position on the sample. 
These attachment points were in no test responsible for failure of the specimen. 
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Fig. 55 : Top view fracture surfaces of a) R6650, b) DMS780 (Z), c) NB31 (Z) after RT 
tensile test.  
 
Various tensile tests specimens were produced in order to cope with the delivered 
dimensions of the delivered CFC blocks. A detailed description of their dimensions is 
given in [88,89]. Most of the RT tensile tests were conducted strain controlled while only 
the additional production of NB31, NB41 and 3D-DUNLOP were tested stress controlled 
based on an EFDA request. According to the European Standard (EN 658-1), fracture 
should occur within 1 min. On this basis the strain and stress rates were chosen for the 
different tests. The tests were stopped after a load drop of 40%. The maximum reached 
load was set as tensile strength (see Fig. 57). The Young’s modulus was calculated 
(following the Hooke’s law) in the linear elastic part of the stress-strain curve. 
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Fig. 56 : Experimental set-up during a tensile test on the INSTRON facility 
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During some of the tensile tests, Acoustic Emission (AE) has been recorded with 
piezoelectric sensors (Fig. 57) (threshold at 50 dB). Piezoelectric transducers or sensors 
follow the principle saying that when a crystal sample is deformed, an electric field is 
induced across the sample faces. Hence deformations due to ultrasound will result in AC 
voltages at corresponding ultrasonic frequencies. AE is a transient elastic wave generated 
by the rapid release of energy within materials as they undergo deformation or fracture. 
Thus is allows to follow crack formation during mechanical loading. Several thousands 
of acoustic signals were acquired during a single tensile test. They start to occur when the 
pseudo-plasticity of the CFC becomes noticeable, matrix cracking followed by fibers 
generate these signals. Further details and results about AE recording during mechanical 
tests can be found in [114-119].  
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Fig. 57 : Stress-strain curve of a NB31 (Y) sample loaded in tension at RT, 
simultaneously accumulated acoustic hits are also displayed. 
 
The largest quantity of tensile tests was performed on the various batches of the 
SNECMA materials (NB31 and NB41) and the average values of tensile strength as a 
function of the Young’s moduli for some of these materials are presented in Fig. 58. 
Therein it is outlined that in the directions with the same type of fiber a linear relation is 
found. For the CFCs’ directions with PAN fibers, the slope of the linear fit is steeper than 
for the directions with pitch fibers. This means that an increase in Young’s modulus 
causes a stronger increase of the tensile strength. Here should be added that the vol. % of 
fibers are given as a total of 35 vol. % with 27 vol. % (X), 5 vol. % (Y) and 3 vol. % (Z). 
This unbalanced ratio influences the results since over a similar cross-section of CFC 
loaded in tension, the amount of material which mostly carries the load (fibers and matrix 
aligned along the loading direction (see Table 4)) varies drastically. The load per surface 
area of material aligned along the loading direction is thus higher for the Z direction than 
for the Y direction, itself much higher than for the X direction. The highest strength and 
 53
Young’s modulus values were found for NB41 in the X direction and they are much 
higher than any of the values of the NB31 batches. However, the mechanical properties 
of the as-received P25 fibers are lower than the ones of P55 and the vol. % of X laminate 
in NB41 is quasi-similar to the one of NB31 (which should have been constant over the 
various batches). This means that either the interfacial shear strength of NB41 has been 
optimized to allow a better crack deflection and/or that the needling process has been 
performed in a very precautious manner leading to reinforce the Z direction without 
damaging the pitch fiber bundles, i.e. precise needling between two pitch fiber bundles 
and not through them. As described in chapter 3.1.1. no excessive needling was reported 
for NB41 in comparison to some batches of NB31 but more detailed microstructural 
investigations have to be done to draw definitive conclusions about the consequences of 
the needling process on each CFC batch.  
Regarding the various NB31 batches, the vol. % in each direction are supposed to be 
equivalent but it was not the case as variations of laminate widths and needling areas 
were observed in Fig. 43. The consequences of a high needled fiber content in the serial 
and additional productions lead to an increase of the mechanical properties in the Z 
direction but mostly to decrease them in the X direction due to pitch fiber bundle 
sectioning as illustrated in Fig. 42. 
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Fig. 58 : Average tensile strength as a function of the respective Young’s moduli values 
of SNECMA materials after RT tensile tests in various orientations. Individual results can 
be found in [89]. 
 
In the tensile tests experiments, large scattering of measured properties occurs across 
batches (Fig. 59) but also within a single batch. This can be attributed firstly to the 
variation of density where additional pores might act as stress concentration points and 
lead to lower the mechanical response of CFCs [89]. Secondly the variation of the 
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number of complete laminates aligned within the loading direction (Fig. 60) even if the 
same thickness is respected for coupons production may lead to data scattering (see 
[88,89,111]). These two factors should be taken into consideration when compiling 
tensile tests of CFCs. 
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Fig. 59 : Individual values for the tensile strength as a function of the respective Young’s 
moduli of NB31 (several batches) and NB41. Strong scattering is highlighted.  
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Fig. 60 : Illustration of complete and intersected laminates in a NB31 (X) tensile test 
specimen (5 mm thickness in the Z direction). 
 
A compilation of tensile strength and Young’s moduli of most of the investigated CBMs 
is displayed in Table 8. CFCs of the type 2D and 3D reach values much superior to fine 
grain graphite in some of their directions while felt type CFCs (CX2002U and AO35) 
never exceed them. NB41 (X) has the highest mechanical properties of all the studied 
CBMs in their respective strongest direction. The 3D CFCs have the highest anisotropy in 
terms of mechanical properties while felt CFCs have the lowest one among composites. 
The studied fine grain graphites have isotropic properties exceeding the ones of the 
investigated felt CFCs. 
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material X Y Z X Y Z
R6650 50 - - 12.5 - -
AXF-5Q 62 - - 11 - -
NB31 (pilot) 130 30 19 107 15 12
NB41 220 40 12 188 22 9
3D-DUNLOP 101 55 9 83 21 8
DMS780 110 110 15 55 55 6
CX2002U 35 31 11 10.7 8.1 3.4
AO35 40 ≤ 40 ≤ 40 11 ≤ 11 ≤ 11
RT tensile strength [MPa] in direction RT Young's modulus [GPa] in direction
 
 
Table 8 : RT tensile strength and Young’s moduli of most the investigated CBMs. Data 
from NB31, NB41 and 3D-DUNLOP were measured over large number of specimens [88, 
89]. The other data are from the manufacturers. 
 
Observation by SEM of the fracture surfaces of three of the strongest CFCs after tensile 
testing in their X direction (Fig. 61), allows denoting many fibers pulled out at various 
lengths. The crack deflection length seems to be the most scattered for NB31 while for 
DMS780 and 3D-DUNLOP the difference of height between the matrix and the fibers is 
relatively small. In the case of NB31, difference of height between individual fiber 
bundles can also be remarked, it means that crack deflection occurs along fiber bundle as 
well, thus dissipating additional energy. Among these three CFCs, NB31 seems to have 
the best tailored interfacial shear strength, however most of the observed pulled-out fiber 
tend to be located only on one of the two broken parts of the tensile specimen. 
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Fig. 61 : Top view SEM micrograph of fracture surfaces after RT tensile test of a) NB31 
(X), b) DMS780 (X), c) 3D-DUNLOP (X) 
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NB41 has the highest mechanical properties of all the investigated CBMs, irrespectively 
of the considered direction. In Fig. 62, the SEM micrographs displays P25 fibers pulled-
out at very different lengths with in addition the presence of a large number of fibers 
broken below the level of the remaining matrix. This second feature was not observed to 
such extent in any of the other studied CFCs. It proves that the interfacial shear strength 
has been optimized in comparison to NB31. Surface morphology over the outer surface 
of the pulled out fibers is shown in Fig. 62 on the higher magnification micrograph, it is 
believed to be a intended consequence of fiber surface treatment in order to increase the 
surface area defining the interface fiber-matrix having for result to lower the interfacial 
shear strength since matrix can hardly bend at such small scales.    
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Fig. 62 : Top view SEM micrograph of the fracture surfaces of NB41 (X) after RT tensile 
test. It shows P25 pitch fibers pulled-out at various lengths as well as a higher 
magnification on the fracture surface of one of them. 
 
In order to draw the reader’s attention to specifies of off-axis mechanical properties of 
CFCs, a general background is described before exposing the experimental results. It is 
commonly admitted that the high mechanical performances of carbon fibers are intrinsic 
properties related to the graphite lattice. The graphene layer has the shortest covalent 
bond known in a plane and thus, the highest elastic modulus known in nature (i.e. 
graphite elastic constant C11= 1060 ± 20 GPa) and a tensile strength of 20 GPa (measured 
on graphite whiskers). However, the Young’s modulus of graphite falls off very rapidly 
with angular displacement out of the basal plane. Various theories (Tsai-Hill criterion, 
Maximum stress theory…) have been developed and an example of angular evolution is 
given in Fig. 63. An important point is that after only few degrees of mis-orientation 
(here Φ ) between the fiber and the loading direction, all the mechanical parameters are 
decreasing rapidly and their values almost reach transverse properties at 45° in 
unidirectional composites cases. 
For laminated composites, the off-axis mechanical response will be a combination of 
each individual ply off-axis response combined in various rules of mixtures depending on 
the investigated mechanical property (see Fig. 50 and [50,51,70,94,113,120-122]).  It is 
also to be expected that mechanical properties of multi-directional composites will be 
related to the quantity of fiber present in each reinforcing direction.  
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x
 
 
Fig. 63 : Example of angular dependence of the tensile strength (continuous line) of a 
unidirectional carbon composite, after [51]. Involved fracture processes are indicated. 
 
Determination of actual strains to high precision during off-axis tensile tests of CFCs is 
difficult due to mixed-mode fracture (see [113]). However, in this study, tests were 
performed for NB31 (pilot production) at 45° between the X and Y directions (XY 
samples) and between the Y and Z direction (YZ samples) were performed and only 
uniaxial tensile strain (along the tensile direction) was considered as described in [88]. 
The results are displayed in Fig. 64. 
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Fig. 64 : RT tensile strength and Young’s moduli of NB31 (pilot production) loaded in 
tension under various orientations.  
 
What is essential to note is that values of the XY and YZ samples are lower than both of 
the respective involved fibrous directions. This makes CFCs’ response even more 
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anisotropic and completely different from bulk materials like classical metals. 
Precautions have thus to be taken while performing FEM calculations to take into 
account this fact for off-axis loadings since usually linear interpolation between 
orthotropic properties is applied. Finally, SEM micrograph of the fracture surface of 
NB31 XY is presented in Fig. 65. It is clear that shear processes [123,124] occurred along 
each individual fiber tow (X and Y) while delamination happened for the Z direction. 
Almost no broken fiber was observed.  
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Fig. 65 : Top view SEM micrograph of NB31 XY after RT tensile loading 
 
3.3. Thermal shock testing 
3.3.1. Simulation of fusion-relevant thermal shock loads 
 
The energy deposited on PFMs during transient events is very high in terms of power 
density (few GW.m-2) and their duration is very short time (few ms or less). This will 
create tremendous thermo-mechanical stresses in the top surface of PFMs leading to 
thermal erosion in various forms. CBMs are said to be some of the materials with the 
highest thermal shock resistance factor [40] shown in Equation 4. CBMs have a good 
combination or factors which are commonly admitted to give high thermal shock 
resistance: high thermal conductivity, low thermal expansion and low Poisson’s ratio.  
 
Equation 4 : 
E
C pu
×
×××=Δ α
λρσ )(
 
 
Where uσ  stands for the ultimate tensile strength [N.m-2], Cp stands for the heat capacity 
[J.kg-1.K-1], ρ  stands for density [kg.m-3], λ stands for the thermal conductivity [J.s-1.m-
1.K-1], α stands for the thermal expansion coefficient [K-1], E stands for the Young’s 
modulus [N.m-2] and Δ is the thermal shock resistance factor [J.m-2.s-1/2]. The thermal 
shock resistance factor is valid for homogenous and isotropic materials (fine grain 
graphite can be considered as such to a certain extent) but when it comes to CFCs, the 
relevance of this factor must be reconsidered since the various constituents in CFCs have 
different thermo-physical and thermo-mechanical properties at various scales. Their 
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thermal shock response will thus be specific of the used CFC architecture as well as the 
types of constituents. Several teams investigate the thermal behavior of carbon based 
PFCs under thermal shock loads in a theoretical point of view [125-127] and 
experimental results provided here will allow to enlarge the database for the improved 
theoretical models. Complicated models are also developed [128] taking into account all 
the chemical and physical types of erosion which can occur in a fusion device but the 
scope of the present work is focused on the thermal response of CBMs.  
 
Thermal shock experiments have been performed on CBMs in the past [129-134] but 
only few of them are directly comparable due to the different types of impinging particles 
(electrons, various ions, photons), power densities and pulse durations which were used. 
Nonetheless, a widely accepted heat flux parameter F, described in Equation 5, is used in 
the community to compare various facilities in terms of deposited heat. F concretely 
indicates the heat flux which is consumed for the increase of the surface temperature of 
the heat loaded sample [133] so that the influence of the type of particle can be neglected.  
This factor is suited for the simulation of one-dimensional heat conduction under short 
pulse thermal loads. 
 
Equation 5 : t
A
PF ×=  
 
Where P stands for the absorbed power [MW], A for the loaded area [m2] and t for the 
duration [s] of the heat flux. ELM load in ITER are predicted to be of 0.5 to 1.5 MJ.m-2 
for a duration of 500 μs, which corresponds to heat flux parameter of 22.4 to 67.1 MW.m-
2.s1/2.  
 
Only few campaigns were done with the same high heat flux facility on a large set of 
various CFCs in order to obtain experimental database [133-136]. This work is 
attempting to provide an additional reliable database for nuclear grades CBMs under 
fusion-relevant thermal shock loads. Results of thermal shock presented here largely 
confirm the anisotropical thermal response of CFCs. Common thermal responses of 
CBMs under thermal shock are highlighted as well as specificities related to each 
material. 
 
Most of the thermal shock load experiments presented was performed in the electron 
beam facility JUDITH (Forschungszentrum Juelich, Germany) (Fig. 66). JUDITH has a 
maximum power of 60kW and generates electrons with energies of 120 keV. Electrons of 
such an energy penetrate about 70 μm within the bulk of CBMs (volumetric heating) but 
do not initiate lattice defects [137]. The beam has a diameter of about 1 mm and scanning 
of the beam is realized in the X-Y plane at frequencies around 50 kHz in order to obtain 
an homogeneous thermal loading. The beam is impinging perpendicularly to the sample 
surface. The samples are loaded in vacuum (about 10-3 Pa). The pulse duration can be 
from 1 ms to continuous (for steady state loading tests), reflecting the flexibility of the 
electron-beam facilities. The deposited power density (CBMs absorb about 90% of the 
incident electrons at 120 keV) was up to 10 GW.m-2 (F≈ 316 MW.m-2.s1/2) in the 
performed experiment.  
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Fig. 66 : a) Sketch of thermal shock loading within JUDITH, b) Optical picture of 
JUDITH installed in the hot cells of Forschungszentrum Juelich. 
 
The power densities were determined by analysis of the absorbed current during each 
simulated plasma disruption load. Typical curves are presented in Fig. 67, the points 
where the absorbed current values were considered for power density calculations are 
highlighted. This power density calculation was done following Equation 6 where Pd is 
the power density [MW.m-2], I is the absorbed current [mA], U is the acceleration voltage 
(120kV) and A the loaded surface area [mm2]. Explanation of the variation of current 
during thermal shock can be related to emissions of charged particles and thermal 
electrons after the end of the shot [138]. 
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Fig. 67 : Typical absorbed current curves during 5 ms disruptions on AO35 (X). 
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Equation 6 : 
A
UIPd
×=  
 
 
The samples were cut by dry rotating diamond saw, washed in a ultrasonic bath of 
ethanol for 15 min and finally baked in air at 200°C for 3 hours. This procedure allowed 
removing the loosely bound particles generated during the cutting process and baking 
allowed evaporating ethanol and water contained in the CFCs. The sample sizes were 
typically 12 x 12 x 5 mm3 or 25 x 25 x 10 mm3. The thermal shock loads were applied 
over a 4 x 4 mm2 area. After loading, only the baking stage was preformed and weight 
measurements were done at fixed time after the end of the baking stage in order to be 
able to neglect water uptake effects. 
As JUDITH is installed in the hot cells, the installation and testing of radioactive samples 
(see chapter 3.3.5.) can be performed remote-controlled by means of manipulators. 
JUDITH is equipped with various diagnostics which allow to measure the absorbed 
current through the specimens, to measure the surface temperature during thermal shock 
(fast single color pyrometer) and to observe possible emission of bright particles during 
and after the load (CCD cameras) [138].  
3.3.2. Thermal erosion of CBMs 
 
CBMs do not melt under fusion relevant thermal shock loads, which is one of their main 
advantages. However, they do sublimate when temperature above approximately 3000°C 
are achieved. Thermal erosion of the investigated CBMs in relation to their 
microstructure is described in this part.   
CBMs have anisotropic thermal properties at various scales depending if they are fine 
grain graphite or CFCs. For graphites, the binder phase has a less ordered structure than 
the grain so its thermal conductivity is lower and it will thus more easily reach the 
sublimation temperature. This will lead to preferential erosion of the binder phase and 
will consequently increase the surface roughness letting grains appears on the surface as 
seen in Fig. 68. 
 
a b c
 
 
Fig.  1 : SEM micrographs side view of fine grain graphite (R6650) after a single 
disruption load, a) unloaded area, b) edge of the loaded area, c) center of the loaded area 
(2.1 GW.m−2 and 5 ms in JUDITH) 
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As it was presented earlier (see chapter 3.1.2.), the transverse thermal conductivity of 
fiber and fiber laminates is 100 to 4 times, respectively, smaller than the one in the 
longitudinal direction. Thus, in CFCs, the fibers and the matrix which are aligned parallel 
to the surface will overheat faster than the ones lying perpendicular. An example of 
preferential erosion of a sample of NB31 loaded in its X direction (NB31 (X)) is 
displayed in Fig. 69. 
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Fig. 69 : Top view SEM micrograph of NB31(X) after a single disruption (1.8 GW.m−2 
and 5 ms in JUDITH) showing preferential erosion of the fibers lying parallel to the 
surface 
 
Three dimensional FEM was used to simulate disruption loads in CBMs. The first step 
has been to simulate a single load on a homogeneous anisotropic material by 
implementing in the code the properties found experimentally and presented here or in 
[10,88,89]. This permits to determine which power density should be used in this code 
for reaching the macroscopic surface temperature of 2500°C after 5 ms of loading and 
following the same temperature ramping as observed experimentally. The input was 
found to be very low (<0.8 GW.m-2) in comparison to the power density of about 2 
GW.m-2 applied in the experiment. However in this model, only radiation but no 
additional process, like sublimation or hot particle emission from the surface (see chapter 
3.3.3.), was taken into account. After applying basic rules of mixtures [93-95] to extract 
the individual properties of the individual laminates, a heterogeneous cross-ply laminate 
based on NB31 (without needled fibers) was created. The thickness of the X laminate 
(representing pitch fibers) was fixed to 900 μm and the one of the Y laminate was 300 
μm. It was assumed that the transverse thermal conductivity of laminates was identical 
(for X and Y) and amounts to 100 W.m-1.k-1 at RT. Such assumption can be considered as 
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realistic since the thermal conductivity of NB31(Z) is close to this value. In addition the 
gain in terms of thermal conductivity from the needled can be considered as negligible 
due to the low volumetric needling fiber content and the discontinuous nature of the 
needling process. The created material was then numerically loaded for 5 ms. The results 
in terms of temperatures after 5 ms are displayed in Fig. 70. The complete dataset used 
for calculations as well as the deposited power densities as a function of time can be 
found in Annex 6. 
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Fig. 70 : a) Top view ad b) Side view of the heterogeneous material after 5 ms loading  
 
The maximum surface temperature difference is as high as 1000°C between the X 
(≈2000°C) and Y (>3000°C) laminate and the thermal gradient within the depth of the Y 
laminate is much steeper than in the X case. The heat penetration depth is not analyzed 
since surface heating (and not volumetric) has been considered to simplify the problem. 
Deformation of the material and generation of stresses can be observed as a consequence 
of the thermal expansion, theses stresses will be described in chapter 3.3.3. This type of 
calculation is rather simple to perform at this meso-scale (laminates) and necessitate few 
assumptions for obtaining satisfying qualitative results. However such calculations at the 
micro-scale (fibers and matrix) are much more complicated and are out of the scope of 
this work. Characterization by TEM, micro-raman, Scanning Thermal Microscopy and all 
the available techniques for obtaining more details about the properties of the individual 
constituents is required. 
Such overheating, characteristic of the preferential erosion of the fiber lying parallel to 
the surface of the samples, has been observed for all the used CFCs independently of 
their architecture. For felt CFCs, the individual or small groups of fibers aligned parallel 
to the surface were eroded preferentially. Examples are shown in Fig. 71. 
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Fig.  2: a) NB41(X), b) DMS780(X), c) CX2002U(X) after single disruption load (1.6 
GW.m−2 and 5 ms in JUDITH). Fibers aligned in the Y or Z directions are preferentially 
eroded.  
 
Thermal shock tests were also performed in the RHEPP-1 (repetitive high energy pulse 
power 1) facility. RHEPP-1 is an ion beam test facility installed at Sandia National 
Laboratories (USA) that is capable of generating very short pulses (200 ns) of a mixture 
of N and 10% H ions. A sample of DMS704 was exposed to 400 pulses. The beam is 
orthogonal to the surface-plane. The acceleration voltage varied between 550 and 750 kV. 
The deposited energy is highest (100 kJ.m−2) in the centre of the RHEPP-1 beam and 
decreases outward from the centre at about a factor 2 for every 2 cm step from the centre. 
This range of deposited energy allows surface temperature increases similar to ELMs to 
be achieved, in terms of heat flux parameter (F). The heat flux parameter of ELM-like 
loads are calculated to be 22.4 to 67.1 MW.m-2.s1/2. More details about RHEPP-1 can be 
found in [139]. 
Surface profilometry of the DMS704 sample after repeated loading was acquired with an 
Alpha-Step IQ from KLA Tencor®. This mechanical profilometer was used with a height 
resolution of less than 1 μm. The surface profile of this sample is superimposed to the 
SEM micrograph in Fig. 72. 
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Fig. 72 : Surface profile of DMS704 after 400 pulses in RHEPP-1 superimposed on the 
top view SEM micrograph of the sample. Estimated absorbed power density and 
subsequent F factor are indicated. 
 
It can be concluded that the preferential erosion is independent of the type of particle but 
related to the thermal erosion. It should be added that no preferential erosion was 
observed for power densities <75 GW.m−2 (F ≈ 33.5MW.m-2.s1/2), on DMS704-x after 
400 shots.  
 
 
Simulations of ELMs were conducted in the plasma accelerator QSPA located in 
TRINITI (Moscow, Russian Federation) on targets of NB31. The conditions are closest to 
the expected ELMs in ITER in terms of energy density and pulse duration, the heat 
source is a plasma, the targets were preheated to 500°C and were inclined (30°) to come 
closer to the ITER divertor situation. Complete description of the facility parameters as 
well as the targets configuration can be found in [46]. After 100 pulses under ELMs 
conditions in this facility, it was reported that no hot particle emission was observed, 
however clear preferential erosion of the fibers parallel to the surface (Y and Z) occurred 
(Fig. 73). 
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Fig. 73 : Top view SEM micrograph of NB31 (X) a) before exposure, b) after 100 pulses 
of  ≈ 1 MJ.m-2 of 500 μs (QSPA facility). Two identical positions over the surface of the 
material are shown before and after exposure. The scales are identical. 
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Surface profilometry was performed on the surfaces of two targets after 100 pulses and 
difference of height between the fibers in the X direction (pitch) and the one in the Y 
directions are plotted in Fig. 74. The deposited energy is following a gradient on the 
targets which is described in [46]. A clear increase of the difference of height with the 
deposited energy is visible and can achieve more than 200 μm after only 100 pulses. The 
number of ELMs expected before the planned replacement of the ITER divertor is around 
106. Such preferential erosion rate can thus not be tolerated and ELMs mitigation will 
have to be employed if preferential erosion can not be avoided.  
 
The repetition rate should also be taken into account for the thermal response of CFCs 
even if no temperature ratcheting effects are expected and the temperature prior to the 
ELM should solely be determined by the inter-ELM heat flux [11]. It was observed that 
the valleys created by preferential erosion tend to get wider. Fig. 75 is the plot of the raw 
profiles from which were extracted the data of Fig. 74. It is evidenced that for increasing 
absorbed energy densities, the valleys get wider, starting to affect the neighboring fiber in 
the X direction (pitch fibers). 
 
 
 
 
 
Fig. 74 : Difference of height in between the X and Y laminates of NB31(X) after 100 
pulses of 500 μs with various absorbed energy densities (QSPA facility). 
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Fig. 75 : Surface profiles of NB31(X) after 100 pulses of 500 μs with various absorbed 
energy densities (QSPA facility). 
 
Such phenomenon was also observed during disruption loads where for increasing power 
densities, the X laminates are getting heat affected (Fig. 76). The laminates are becoming 
so hot that they communicate a part of their heat to the neighboring fibers (see Fig. 70b) 
and even if they have a very high longitudinal thermal conductivity, they also get 
thermally affected. 
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Fig. 76 : top view SEM micrograph of DMS780 (X) (top row) and NB31 (X) (bottom 
row) after single 5 ms pulse of about a) 1.4 GW.m-2, b) 1.8 GW.m-2, c) 2 GW.m-2 
performed in JUDITH 
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Another common point of all the 3D laminate CFCs was that under disruption load, intra-
bundle crack in the X laminates appeared mostly oriented parallel to the Z direction (Fig. 
77). This preferential orientation is understood as being the easiest solution to release the 
compressive stresses which arise during the heating-up phase of the disruption. The X 
laminates being compressed by two Y laminates which constrain them from the lateral 
side and forbid them to expand in the Z direction. Consequently the material 
preferentially expands in the Y direction and further crack formation is facilitated along 
the Z direction. Such inter-laminar cracks appear but to a smaller extent in the 
investigated 2D laminates since the felt layer (very porous) can cope with the lateral 
thermal expansion of the X laminates. The observed intra-bundle cracks were mostly 
following similar path for various CFCs, i.e. along the fiber surfaces and rarely through 
the matrix or across the fiber. This observation proves that the fiber-matrix interface is 
the weakest mechanical part of the studied CFCs. This is in accordance with the 
requirement for an efficient crack deflection under tensile tests described in chapter 3.2.   
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Fig. 77 : a) top view SEM micrograph of NB31 (X) after a single disruption of  2.4 
GW.m−2 and 5 ms in JUDITH, b) higher magnification of an inter-laminar crack (X 
laminar) path on a similar sample 
 
When the effects of such thermal shock on the fibers and matrix are considered, it is 
observed that the fibers are eroded preferentially compared to the matrix and that the 
fibers which are located the closest to the interface between two orthogonal laminate are 
even more preferentially eroded (Fig. 78). This is linked with the fact that on this location 
more matrix surrounds the fibers (as described in chapter 3.1.1.) so that their relative 
lower thermal conductivity is unfavorably emphasized. They can not dissipate the heat 
towards the bulk as fast as the surrounding matrix, very steep thermal gradient is thus 
created around them and they consequently overheat even faster. It was never observed 
that any fiber (lying parallel to the heat flux) was still standing while the matrix has been 
preferentially eroded for any of the studied CFC. Many workers have previously assumed 
that conduction in a composite containing highly oriented carbon fibers is dominated by 
the high axial conductivity of the fibers, but [95] and the present results clearly 
demonstrate that this is not the case and that the highly oriented matrix plays the 
dominant role in the thermal conduction when the heat flux is deposited parallel to it’s a-
axis.  
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Fig. 78 : Top view SEM micrograph of NB31 (X) after a single disruption of  2.4 
GW.m−2 and 5 ms in JUDITH. Discrepancies in matrix thickness, fibers eroded at various 
degrees or even cracked are visible. 
 
In Fig. 78, many pitch fibers display a major crack in their center or following some of 
the graphene planes’ directions, confirming that the P55 are from flat layer type. If a 
closer observation of disruption loaded CFC is done, it can be seen that the matrix is 
broken into small pieces (Fig. 79). This broken matrix, now loosely bonded to the bulk of 
the material, can easily fall apart from the material and even being ejected. 
 
 
 
Fig. 79 : Top view SEM micrograph of P55 pitch fiber surrounded by matrix after a 
single disruption of 2.4 GW.m−2 and 5 ms in JUDITH. The matrix has been broken in 
pieces in the sub-micron range. 
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The commonly accepted value of heat flux parameter fixed to 40 MJ.m-2.s-1/2 for graphite 
sublimation is function of the thermal conductivity and can not macroscopically be 
applied for CFCs with such variable thermal conductivity depending of the types of 
constituents as well as their orientation in respect to the heat flux. Many erosion 
processes occur under ELM-like load or rather low energy disruptions leading to 
preferential erosion of fiber and/or laminates aligned perpendicularly to the heat flux (and 
the created thermal gradient), but also of fibers aligned parallel to the heat flux in a lower 
extent. In addition, many cracks, such as inter-bundle ones or even across fibers appear 
under these thermal loads. Finally, matrix can be reduced in sub-micron diameter pieces 
(which can be assumed as becoming closer to single crystals) which are then loosely 
bounded to each other, in opposition to the situation before thermal shock (Fig. 35). Such 
destruction processes which occur rather early can be seen as precursor or influencing 
factors of larger damages which may occur under more powerful, longer or repeated 
thermal shock.  
 
3.3.3. Brittle Destruction 
 
The ejection of hot particles from the surface of CBMs under thermal shock loads, so-
called brittle destruction (BD) as been investigated [27,130,140,141]. BD is due to the 
presence of constituents within fine grain graphite or CFCs, with different thermal 
expansion and thermal conductivity. The fact that some constituents overheat due to their 
lower thermal conductivity will create local stresses at the various interfaces. If we 
assume that two constituents of the same material would have the same thermal 
conductivity but different thermal expansion coefficient, this would also lead to the 
formation of stresses at the interface.  
 
Fig. 80 is a good description of BD events during a thermal shock load on a fine grain 
graphite. In Fig. 80a, ejection of the binder phase occurs due to the fact that this phase is 
the least crystallographically ordered structure and will consequently overheat. The 
thermal stresses generated during the heating-up phase of a thermal shock will be 
released at least partly by the ejection of some of the hottest material from the top surface. 
When a thermal shock with even higher power density or longer pulse duration is 
impinging on the graphite surface, grains or even clusters of grains can be ejected from 
the surface. These grains which were not anymore bound to each other by the binder 
phase after its previous ejection and were appearing at the surface (see Fig. 68c) are now 
ejected.   
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Fig. 80 : Sketch of BD for a) a rather low energy thermal shock, b) a higher density 
thermal shock [27]  
 
 
 
 
A CCD camera is usually installed in front of an observation window of the JUDITH 
facility and time-integrated pictures are acquired (over about 10 s) to detect the emission 
of hot (so bright) particles. Many thermal shock experiments have been performed within 
JUDITH on R6650 and three different regimes of BD were defined as depicted in Fig. 81. 
In the “no particle release” regime, just the bright surface of the heat loaded surface can 
be seen. For the small or medium size particle release regime, a vapor cloud above the 
surface and small shiny rectilinear traces are visible. These traces are understood as hot 
particles’ paths. Finally the big particle regime is defined when very large traces could be 
observed. It is clear that such a ranking is operator dependent for the classification but it 
allowed delimiting the heat loads regime where no BD was observed (Fig. 82 after 
[27,140]).  
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Fig. 81 : three regimes of BD for R6650 under disruption load in JUDITH 
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Fig. 82 : Different BD regimes of fine grain graphite (R6650) for various thermal shock 
loads performed with JUDITH on R6650. After [27,140]. 
 
 73
The predicted power densities and pulse duration of ELMs in ITER are plotted in Fig. 82 
and are below the BD threshold as was reported in chapter 3.3.2. (as far as we compare 
R6650 to NB31). However the fact that ELMs are located below this BD threshold does 
not mean that thermal erosion does not occur. Thermal shock loads of 0.7 GW.m-2 and 5 
ms (indicated as a star symbol in Fig. 82) were performed on R6650. After a single shot 
no sample weight was detectable and no emission of particle was observed, however after 
50 identical shots on the same position, a rather homogeneous crater of about 40 μm 
depth was observed and after 100 shots, a crater of 70 μm depth and still, no BD was 
detected by CCD cameras. The measured weight losses are plotted in Fig. 82. It should be 
noted that the evolution of weight loss is not linear and tends to decrease slightly for 
increasing shot numbers. Such tendency is believed to occur until a stabilization weight 
loss will be reached, this accounting for the rather homogeneous erosion in comparison 
with the CFC erosion patterns. 
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Fig. 83 : Evolution of weight loss for R6650 under various number of thermal shock 
loads of 0.7 GW.m-2 and 5 ms within JUDITH.  
 
When BD is observed for CFCs, the resultant surface is singular and characteristic of the 
enhanced anisotropy at the various scales. Fibers aligned parallel to the sample surface 
appeared to be broken and some of them are even pulled out from the surface (Fig. 84). 
The fact that broken fibers (aligned parallel to the surface) could be observed without 
surrounding matrix is related to the low mechanical properties of the matrix. Heat 
affected matrix has been reported to break down in small pieces, in the sub-micron range 
(see Fig. 79), while fibers can sustain higher thermal loads and just locally erode thanks 
to their higher mechanical properties conferred by their high degree of structure ordering. 
This phenomenon of thermally-induced fiber pull-out was clearly observed on 3D and 2D 
CFCs while it was more difficult to see it with Felt CFCs due to the relatively small 
groups of short fibers used. These short fibers tend to be completely ejected and not 
simply pulled out. To understand the phenomenon responsible for the fiber pulling-out, 
the simulation by FEM is very useful. 
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Fig. 84 : Top view SEM micrograph of NB31 after a single disruption of 2.4 GW.m-2 and 
5 ms within JUDITH, a) NB31, b) DMS780. 
 
 
 
 
 
When the same calculations, made in chapter 3.3.2., are displayed in terms of mechanical 
stresses (Fig. 85 and Annex 7 for the generated stresses in the two other directions), the 
explanation of BD in CFCs becomes more obvious. During thermal shock loading, the Y 
laminates overheat (see Fig. 70) and expand (in an anisotropic manner) due to these high 
temperatures; they do it equally along the X and Z directions (transverse directions for 
the Y fibers) and to a much lower extent in the Y direction. The visibly swollen Y 
laminates in Fig. 85b support this statement. This creates large tensile stresses at the X-Y 
laminate interface which can be so high that fibers from the Y laminates may undergo 
delamination. If this delamination occurs while some heat is still impinging on the 
surface, then the lack of contact to the bulk will lead to additional overheating and further 
dimensional changes. However, since the fibers remain brittle materials (in the real 
materials), they can hardly undergo such fast changes and thus tend to fail in a brittle 
manner and even to be ejected from the surface as a way to release stresses. When high 
thermal gradients, fast dimension changes and delamination are combined for brittle 
materials in direct contact, it leads, for CFCs, to fiber segmentation and ejection as some 
were collected in [138]. Such FEM modeling gives very useful qualitative explanations 
about BD process, though quantitative results have to be considered very carefully.  
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Fig. 85 : a) Top view and b) Side view of the heterogeneous material generated stresses 
(in the X direction and in MPa) after 5 ms loading. Tensile stresses are >0 and 
compressive stresses <0. 
 
 
 
Usage of a very fast CCD camera (sensicam PCO®) allowed determining that this BD 
does not start directly after the beginning of the disruption but starts when generated 
stresses related to surface temperature are too high. BD though starts during the heating-
up phase (even at an early phase of the loading) as shown in Fig. 86a) and b) and not only 
after the end of the disruptions. The analysis of such pictures should also allow, in the 
future, determining the particle speed and to estimate their diameter by appropriate image 
analysis. However, a direct application can be the estimation of the time at which the 
particles left the hot surface. In Fig. 86c) we can see that some particles were emitted 
after the end of the pulse since their path during an exposure time of 10 μs multiplied by 
200 is (for some of the particles) longer that the distance to the top surface. This clearly 
indicates that BD can also occur during the cooling-down phase of a disruption.  
 
 
 
a b c
 
 
Fig. 86 : CCD picture of NB31 (serial IPP) loaded in JUDITH with about 2.5 GW.m-2 for 
5 ms, a) between 2 and 2.02 ms, b) between 3 and 3.02 ms, c) between 7 and 7.01 ms.  
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In order to compare the thermal shock response of the investigated CBMs, an 
experimental thermal shock resistance criterion was developed. It relies on the weight 
loss per area of the tested CBMs under thermal shock load. In order decrease the 
scattering of data, four identical shots (4 x 4 mm2) were performed on the same sample 
(dimensions 12 x 12 x 5 mm3), each pulse on an unloaded area (Fig. 87). The global 
weight loss was averaged and correlated to the loaded surface area. This method allows 
limiting the influence of the variations of weight loss which is function of the vol. % of 
fibers or laminates aligned parallel to the sample surface in the 4 x 4 mm2 loaded area.  
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Fig. 87 : Optical picture of a typical 12*12*5 mm3 CBM sample (NB31 (X) here) loaded 
four identical times in JUDITH. 
 
 
Weight loss results of all the CBMs after a single 5 ms fusion-relevant disruption in 
JUDITH are plotted in Fig. 85 (CFCs were loaded in their X direction). As shown in Fig. 
85, the CBMs were classified into three groups: the fine grain graphites and AO35 with 
the highest weight loss, DMS704 and DMS780 with intermediate weight loss and NB31, 
NB41, 3D-DUNLOP and CX2002U. No weight loss was detectable for single disruption 
with a power density lower than 1.6 GW.m-2. This criterion is a useful basis for 
comparison of thermal shock resistance between CBMs. The interest of this plotting is 
that we could theoretically extrapolate the values at which no weight loss will be 
observed for a 5 ms disruption load. Another important aspect is that weight loss is 
mostly related to the RT thermal conductivity of the CBMs and not to the mechanical 
properties (see table 8) since AO35 belongs to the group with the highest erosion rate 
while CX2002U to the one with the lowest. Nevertheless, to better describe the thermal 
shock resistance of CBMs and to be able to compare them, their density should be taken 
into account since this will define the eroded thickness, if the erosion pattern would be 
homogeneous! It is in fact not the case as it will be described in more details hereafter. 
Another important observation is that the higher will be the absorbed power density, the 
higher will be the influence of BD on the overall weight loss since the generated thermal 
stresses will ramp-up at a faster speed. 
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Fig. 88 : weight loss per area for all the studied CBMs under single disruptions loads of 5 
ms performed in JUDITH 
 
 
 
It was observed that the disruption loads on fine grain graphites and on CFCs do not lead 
to the same types of erosion processes. For the fine grain graphite AXF-5Q, a strong light 
emission from the surface (which might be associated with the presence of carbon vapor 
cloud) and very small tracks of hot particles can be seen, whereas for CFCs, a lower light 
emission above the target is observed but larger linear tracks are visible. Much clearer 
tracks (larger and/or hotter particles) can be seen for DM780 and NB31 than for 
CX2002U. This is probably due to the fact that rather large groups of fibers are ejected 
from the two first CFCs as only individual fibers are ejected from CX2002U as a 
consequence of their respective fiber architectures. The presence of a strong light 
emission above the surface of AXF-5Q most likely implies that sublimation takes a large 
place in the weight loss of this material while erosion for CFCs seems to be largely 
dominated by BD. It was demonstrated that the proportion and size of tracks are 
correlated to the material microstructure and to the size of the constituents of the CBMs.  
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Fig. 89 : CCD picture during a disruption of about 2.5 GW.m-2 of 5 ms. a) AXF-5Q b) 
CX2002U (X), c) DMS780 (X), d) NB31 (X). 
 
 
 
Fig. 88 reflects the behavior of CBMs after a single 5 ms disruption but the pulse 
duration is clearly a parameter which will influence the thermal weight loss. It is assumed 
that the longer the heat pulse will last the longer the sublimation temperature will be 
reached, the higher will be the weight loss (Fig. 90) and this mostly by thermal erosion 
(sublimation) over BD since mechanical stresses will tend to equilibrate during “long” 
pulses.  
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Fig. 90 : Evolution of weight loss for NB31 (X) after single disruption of about 2.5 
GW.m-2 for different pulse durations in JUDITH 
 
As it was previously discussed for fine grain graphite (Fig. 83), the effect of multiple 
disruption loads on a CFC was also investigated. Fig. 91 shows the weight loss of 
NB31(X) loaded at 2.5 GW.m-2 for 5 ms as a function of the number of pulses. For the 
investigated number of disruptions; the tendency of the weight loss per shot (erosion rate) 
is to decrease for increasing pulse number. The evolution of weight loss is not linear as 
for R6650. This can also be seen in Fig. 92 where BD obviously became less dominant 
after only a few shot.  
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Fig. 91 : Weight loss of NB31 (X) after various number of disruptions of about 2.5 
GW.m-2 and 5 ms in JUDITH on unloaded positions. 
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a b c
 
 
Fig. 92 : CCD pictures of NB31 (X) after a) one load, b) five loads, c) ten loads (2.4 
GW.m-2 and 5 ms) in JUDITH. The pictures were acquired between the 3 to 3.02 ms. 
 
The evolution of weight loss as a function of the pulse number must be related to the 
erosion pattern to obtain a global picture of the thermal erosion. In Fig. 93, obvious 
differences of surface profiles between CFCs are demonstrated and comparison for all the 
CFCs can be found in Annex 8. For all the CFCs the preferential erosion and/or ejection 
of fibers aligned parallel to the thermal shock loaded surfaces were observed. The width 
of the created valleys is related to the width of the various sub-units of CFCs. 2D CFCs 
have wider created valleys, i.e. number of eroded fibers, in comparison to 3D CFCs as a 
consequence of the width their sub-units (see table 4). For Felt CFCs, the erosion is rather 
homogeneous. 
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Fig. 93 : Surface profiles of DMS780 (X) after various number of 2.5 GW.m-2, 5 ms 
disruptions. The number of pulse is indicated. The valleys are located in the center of the 
Y laminates. 
 
The difference of height between the fibers oriented parallel and perpendicular to the 
surfaces of CFCs is getting higher for an increasing power density or pulse duration or 
pulse number, however a saturation height must exist. When this value would be reached, 
depending on the CFC, the top of the fibers perpendicular to the heat flux would not 
anymore be surrounded by material, thus strongly reducing heat propagation in some 
lateral directions. This would have for consequence for the top of these fibers (along the 
X direction) to reach higher temperature than when the surface was unaffected. This, 
without considering the possibility for these out-sticking fibers to act as leading-edge; but 
such risk might be relevant for numerical simulation purpose.  
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It has been reported [142] that after erosion of about 500 μm of PAN fibers (Y direction) 
from NB31, notable erosion of pitch fibers (X direction) was observed during ELM 
experimental simulation. On top of advanced preferential erosion and consequent 
overheating, transverse cracks of the perpendicular fibers (X direction) due to excessive 
thermal expansion could also occur. It might have been the case in some of the 
experiments performed in QSPA (Fig. 94) as such cracks were observed. 
 
 
 
Fig. 94 : transverse crack of pitch fibers (X laminate) of NB31 after 100 pulses of 0.7 
MJ.m-2 for 500 μs in QSPA 
 
3.3.4. Thermal shock tests on CFCs under various orientations 
 
BD of CFCs is related to the anisotropic properties of the constituents as well as their 
orientations in regards to the heat flux. For the CFCs described in this work as 3D, it is 
known that the thermal conductivity of the X direction is higher that the one of the Y 
direction (see table 7), irrespectively of the vol. %, this due to the different fibers used. 
Thermal shock loading of these CFCs in the Y direction should allow verifying if lying 
the fibers with the highest thermal conductivity parallel to the surface could effectively 
remove the heat from the loaded area resulting in a lower temperature difference between 
two adjacent laminates. In addition the fibers in the X laminates have higher mechanical 
properties and should thus be more resistant to thermal stresses. Unfortunately, it was 
observed that the pitch fibers were largely broken and pulled out from the disruption 
loaded surface (Fig. 95). Fig. 95b brings additional evidence that matrix is primarily 
eroded when aligned perpendicularly to the surface, as a consequence of its weak 
mechanical properties leading to premature loss of contact and further ability to diffuse 
the heat within the bulk, as explained in chapter 3.3.2.  
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Fig. 95 : SEM micrograph of NB31 (Y) after a single disruption, about 2.2 GW.m-2 and 5 
ms in JUDITH, a) overview, b) zoom on eroded and broken pitch fibers 
 
Disruption loads were applied on CFCs in their Z direction where very few short fibers 
(needling fibers) are facing the heat flux. This conducted to large fibers erosion and 
ejection but also to deep and rather homogeneous craters for the Z directions while a 
large preferential erosion-ejection of X laminates was observed for the Y samples (Fig. 
96 and [143]). In both cases, these large erosions are correlated with high weight losses 
(Fig. 97). 
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Fig. 96 : surface profiles of two CFCs in various orientations after five disruption loads 
(about 1.9 GW.m-2 and 5 ms) in JUDITH 
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Fig. 97 : weight loss of NB31, DMS780 and CX2002U in X,Y, Z orientations under 
single disruption of 5 ms in JUDITH 
 
It is understood that the difference of temperature between two orthogonal and adjacent 
laminates is the prime reason why BD occurs. Thus thermal shock specimens were 
produced at tilted orientations (15°, 30° and 45° as described in Fig. 45). As the angular 
evolution of thermal conductivity within laminates was described in Equation 3 and 
macroscopic thermal conductivity of the tilted orientations were measured to confirm it 
(chapter 3.1.2.), success in limiting BD was thus expected. In addition, tilted Y laminates 
have higher mechanical attachment compared to Y laminates lying parallel to the surface 
plane [144], so delamination and ejection from fibers of the tilted Y laminates should be 
more difficult to be realized. 
During thermal shock loads, the macroscopic surface temperature could be measured by 
means of a fast pyrometer [138] (Temperature range/ 500-2500°C). This macroscopic 
surface temperature is an average of the emitted photons from a spatial region of a few 
square millimeters (≈10). This spatial resolution is adequate to the loaded area (16 mm2) 
but is larger than the unit structure (length between two orthogonally oriented laminates) 
of the 2D and 3D CFCs (see chapter 3.1.1.). Due to the different thermal properties of the 
CFC constituents and sub-units, the temperature for a given flux is different, so that the 
measured photon flux is a average of different temperature components [145]. The 
pyrometer is measuring the photons of 1.5 μm wavelength and all the displayed 
temperatures are calculated with a surface emissivity fixed to one. Nevertheless, it is 
reasonable to assume the emissivity of carbon to be between 0.9 and 1, i.e. real 
temperatures are slightly higher than they are shown in the following figures.   
As it was expected from the macroscopic thermal conductivity of the different 
investigated directions, the Z direction is the one reaching 2500°C the fastest (the 
maximum temperature for the used pyrometer), then comes the sample in the Y direction. 
The sample which achieved the lowest temperatures is the one loaded along the X 
direction. The tilted materials display intermediate surface temperature included in 
between the ones of the X and Y directions and increasing with the tilting angle (Fig. 98). 
These temperatures are macroscopic and should be corrected for various influencing 
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parameters (precise location of the pyrometer measurement area over the sample, 
cleanness of the observation windows of JUDITH…); however, compared within an 
identical thermal load campaign, the tendencies can be assigned as qualitatively valid. 
The angular evolution is in fair agreement with the measurement of the macroscopic 
thermal conductivity for various angles (chapter 3.1.2.).  
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Fig. 98 : surface temperature of NB31 loaded under various orientations with JUDITH 
(single disruption of about 2.5 GW.m-2 and 5 ms) 
 
Even if the macroscopic surface temperatures of the tilted CFCs are higher than the 
samples oriented in X direction, lower weight losses were measured on many of them 
after single disruption (Fig. 99 and Annex 9).  
 
 
 
Fig. 99 : weight loss of DMS780 in various orientations after single disruptions of 5 ms 
in JUDITH 
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When the surface profiles of these CFCs were analysed after single disruption loads one 
observed that preferential erosion is significantly reduced for samples with the most 
inclined Y laminates or direction.  In the case of the 45° samples, neither strong erosion 
of the Y laminates was observed nor pulled-out fibers (Fig. 100). It seemed to be very 
successful in limiting BD (see [143]). However, to confirm this results, further loading 
were performed and repeated disruptions were applied. 
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Fig. 100 : surface profiles of NB31 (45°) after five disruption load (2.2 GW.m-2 and 5 
ms) in JUDITH. 
 
When repeated disruptions were done on tilted materials an increase of weight loss in 
comparison to the X direction was observed as the tilting angle was larger (Fig. 101). The 
weight loss values of the various tested CFCs was about twice higher in the 45° titled 
sample compared to the X direction. The fact that the weight loss values were smaller 
than the ones after a single disruption, confirms once again that the weight loss per shot 
(for the number of disruptions investigated herein) is maximal during the first shots. 
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Fig. 101 : Average weight loss for various CFCs under different orientations after nine 
disruption loads of about 2.5 GW.m-2 and 5 ms on previously loaded positions 
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The surface profiles confirmed that the craters created on tilted samples after repeated 
shots were clearly deeper and larger in the case of the 45° direction compared to the X 
direction (Fig. 102). This figure highlights the fact that the felt layers of DMS780 are 
preferentially eroded compared to the laminates, confirming their lower thermal 
conductivity. Surface profiles of DMS780, NB31, CX2002U and 3D-DUNLOP after 5 
and 10 disruptions under various material orientations as well as SEM micrographs of the 
centre of the loaded areas after 10 disruptions are displayed in Annex 10. As the tilting 
angle increases from 0° (X) to 45°, the erosion of the Y laminates or fibers in the Y 
direction decreases but the erosion of X laminates starts. For the 45° samples, for most of 
the CFCs, the thermal erosion is almost the same for the laminates or fibers aligned in the 
X and Y directions (Fig. 103). No pulled-out fibers were observed and the erosion seems 
to be dominated by sublimation due to higher surface temperature. Slightly brighter light 
emission and thinner tracks were observed above the surfaces of tilted samples compared 
to samples in the X direction (Fig. 104). Thus, for repeated, high power disruption loads, 
the macroscopic thermal conductivity is the key factor dominating the thermal erosion 
behaviour and the resulting surface profiles. In correlation with Fig. 48 and Annex 10, 
one should note that the RT macroscopic thermal conductivity difference between the 
various orientations is more important than the one at high temperatures so that RT value 
will determine the speed of temperature increase in such short events and further erosion 
pattern. This work has the advantage to present experimental results on available 
materials. Theoretical approach to consider the benefits of tilting some of the fibers in a 
hypothetic CFC have also been performed by other working groups [127].  
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Fig. 102: Surface profiles of a) DMS780 (X) and b) DMS780 (45°) after 5 and 10 
disruption loads of about 2.5 GW.m-2 and 5 ms on the same areas in JUDITH. The 
deepest craters in the 45° sample are centered on the felt layers. 
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Fig. 103 : Top view SEM micrograph of a) NB31 (X) and b) NB31 (45°) after 10 
disruption loads of about 2.5 GW.m-2 and 5 ms on the same areas in JUDITH. The center 
of the loaded areas is shown. 
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Fig. 104 : CCD pictures of a) 3D-DUNLOP (X) and b) 3D-DUNLOP (45°) during the 
tenth disruption load of about 2.5 GW.m-2 and 5 ms on the same areas in JUDITH. 
 
 
 
The differences of surface profiles created by repeated disruption loads on differently 
oriented CFCs is the consequence of the thermal gradients which were generated during 
the 120 keV electron-beam loading. This volumetric type of heating could take place in 
fusion devices where presence of runaways electrons with energies up to 50 MeV [146-
147] is still under discussion. If such highly energetic and penetrating particles would 
impinge at various angles onto CFCs surfaces, similar thermal gradients (due to 
volumetric heating) as the ones simulated in this part could take place and lead to similar 
types of erosions. This would further decrease the lifetime of the CFC armors. Thus in-
situ inspection is necessary to control the surfaces of the CFCs and this at the precision 
levels described in this work. 
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3.3.5. Neutron irradiated specimens 
 
The effects of neutron irradiation on the various PFMs of ITER have been reviewed in 
[148]. These effects on graphitic structures have been studied for many decades due to 
their use in fission reactors and are thus broadly accepted. Neutron irradiation causes the 
displacement of carbon atoms from their equilibrium lattice positions into interstitial 
locations, leaving vacancies in the basal plane (Fig. 105). This leads to increase the 
interplanar distance (c/2 or d002) giving more opportunities for gases (like H isotopes) to 
be trapped [149,150].  
Interstitial carbon atoms become increasingly mobile at higher temperatures, forming 
interstitial clusters and eventually new planes. Vacancies which are only mobile at 
temperatures >400°C, form loops which eventually collapse. One consequence of neutron 
damage is a rapid increase of graphite (or CFCs in respect to the fiber architecture) 
strength and Young’s modulus due to basal plane dislocation pinning [40, 151-153]. 
These processes are related to the irradiation and the irradiation temperatures. 
 
 
Fig. 105: Mechanism of irradiation damage in the graphite crystal lattice [40] 
 
A review of the physical processes leading to dimensional and volume changes of 
graphites and CFCs can be found in [151]. Generally, in terms of dimensional stability, at 
rather low irradiation dose, a volume shrinkage is observed in graphitic structures, but the 
shrinkage rate decreases and a reversal growth occurs at higher doses and the material 
starts swelling towards its original volume and eventually exceeds it. This effect is 
temperature dependent; above irradiation temperatures of 600°C, increasing the 
irradiation temperature results in the reversal shrinkage to growth (called turnaround 
point) occurring at lower neutron irradiation doses [137].  Rather similar multi-stage 
evolution is observed for strength [59]. Effect of neutron irradiation on CFCs [47] will be 
a combination of the effects of each individual highly oriented constituent depending on 
their respective orientation in respect to the anisotropic response of graphite crystallites to 
neutron irradiation [152,154]. The interplanar voids or pores in the matrix and the fibers 
and the extensive network of cracks inter- or intra-laminates will largely influence the 
CFC response, accommodating the material swelling to a certain extent.  
 
Degradation of thermal conductivity of CBMs after neutron irradiation is an issue and is 
related to generated defects [10,48]. Phonons will be scattered by the three dominant 
defect types produced by neutron irradiation: point defects (vacancies and impurity 
atoms), extended three-dimensional defects (voids) and extended two-dimensional 
defects (dislocation loops and grain boundaries) [91]. Irradiation defects act as phonon 
scattering centers and reduce the phonon mean free path, i.e. thermal conductivity. 
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It must be noted that the types of defects created by neutrons or more generally by high 
energy particles, can be distinguished by usage of transmission electron microscopy 
(TEM) [155] or raman spectroscopy [156,157]. 
A thermal gradient between the top surface of PFMs to the coolant tube will occur in a 
fusion device and 14 MeV neutrons will go through the whole PFCs reaching structural 
materials below them. Thus irradiation effects in various depths of the PFMs will be 
different in correlation with the irradiation temperature. Formula for the assessment of 
the evolution of unirradiated thermal conductivity of CFCs after various doses and 
various temperatures have been developed [158,159]. 
 
Radiation damages are usually quantified in terms of displacement per atom (dpa), which 
is the number of times that a single atom has been displaced from its original equilibrium 
lattice position. Neutron irradiation on selected PFMs is the subject of many expensive 
and long irradiation campaigns. Some of the CBMs irradiated in PARIDE 3 and 4 
campaigns (performed in HFR Petten (The Netherlands)) were thermally loaded and 
some of the results are presented in this work. These campaigns can be described as 
follows: 
PARIDE 3: irradiation temperature ≈ 200°C, cumulative dpa ≈ 0.2 in carbon 
PARIDE 4: irradiation temperature ≈ 200°C, cumulative dpa ≈ 1 in carbon 
The 0.2 dpa level corresponds to the integrated neutron damage of the divertor PFCs after 
about 10 years of full performance plasma operation, while the 1 dpa is that expected for 
basic machine components in the main reactor chamber of ITER [160]. 
 
Illustration of the effects of applied neutrons doses on the thermal conductivity of NB31, 
DMS704 and EK98 (R6650 is said by SGL to be its recent equivalent) can be found in 
[161]. Thermal conductivity at RT can be up to one order of magnitude lower at 1 dpa in 
comparison with the unirradiated state. Heat capacities were also measured and can be 
found in [161]. In general the assumption that the specific heat remains unchanged with 
irradiation can be used. This common assumption is known to be valid for graphite [91]. 
As a consequence of such a decrease of macroscopic thermal conductivity of any 
orientations of the CBMs, the surface temperature during a disruption load is expected to 
be higher [27]. Fig. 106 and Annex 11 prove that a significant surface temperature 
increase is measurable even after only 0.2 dpa in comparison to the unirradiated sample. 
Large emission of particles is also observed. Consequently, the weight losses of irradiated 
materials were much higher than the one of the unirradiated (Annex 11). In addition 
many cracks were observed on the surface of the graphite material (Annex 11), this can 
be explained by the large thermal stresses due to low thermal conductivity and the 
increase of mechanical properties at this fluence can not compensate the thermal stresses 
leading to major cracks. All these results are soon to be disclosed by G. Pintsuk and co-
workers. 
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Fig. 106 : Surface temperature of DMS704 (X) unirradiated, after 0.2 and 1 dpa, during a 
disruption in JUDITH (about 1.6 GW.m-2 and 5 ms) 
 
However the most interesting finding is that after only one disruption load as short as 5 
ms, at least some of the irradiation defects in the near surface seems to be thermally 
annealed (Fig. 107). A significantly lower surface temperature after the first disruption 
load is observed indicating a thermal conductivity recovery. This surface temperature 
evolution was only observed for the irradiated CBMs, not for the unirradiated ones (see 
Annex 11). Such defect recovery was not expected to occur after only 5 ms.  
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Fig. 107 : surface temperature of NB31(X) (0.2 dpa) after 1, 2 and 5 disruption loads in 
JUDITH (about 2.4 GW.m-2 and 5 ms) 
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4. Conclusions 
 
• Microstructure 
 
Nine advanced nuclear grades of carbon based materials (CBMs) have been characterized 
in terms of microstructure and thermo-physical properties. Several strategies employed 
by the manufacturers of Carbon Fiber Composites (CFCs) have been distinguished. 3D 
CFCs, i.e. NB31, NB41 and 3D-DUNLOP (pitch (in X direction) and PAN fibers (in Y 
and Z directions)), are unbalanced cross-ply laminates (X and Y directions) reinforced by 
needling in their Z direction. 2D CFCs, i.e. DMS704 and DMS780, are balanced cross-
ply laminates (X and Y directions) with intercalation of felt layers made from short fibers 
aligned at ±45° in the XY plane. A needling process has also been applied (Z direction) 
in between each consecutive felt layer. All the fibers in the 2D CFCs are made from PAN 
(PolyAcrylo Nitrile). Felt type CFCs, i.e. CX2002U (rayon fibers) and AO35 (PAN 
fibers), have unbalanced felt architectures with short fibers punched in their orthotropic 
directions (X, Y, Z). 
 
Volumetric percentages (vol. %) of the CFCs sub-units (laminates, felt, needling areas) 
were analyzed and described. 3D CFCs displayed rather similar vol. % in their X (about 
62 vol. %) and Y directions (about 20 vol. %) while differences have been found about 
needling areas. 3D-DUNLOP has a lower needling fiber content than NB31 and NB41 
materials. Both NB41 and 3D-DUNLOP have short and thin groups of needled fibers in 
comparison with NB31. The needling process in NB41, the upgraded version of NB31, 
has been done in a less destructive way in regard to the pitch fibers. The two 2D CFCs 
have similar volume content of material for each constitutive sub-unit. Variations of 
volumetric percentages of needling fibers within batches of NB31 and NB41 materials 
were highlighted. Polarized light microscopy and scanning electron microscopy allowed 
concluding that all the CFCs mainly consist of highly oriented (c-axis radial) matrices. 
Some CFCs have several matrices infiltrated in various manners (gas or liquid processes) 
to increase their density. The microstructural characteristics, namely the texture of the 
used fibers, as well as their shapes and dimensions have been compiled. Identical pitch 
fibers (P25) were utilized for NB41 and 3D-DUNLOP but they appeared to be circular in 
the former while oval in the latter as a consequence of an inhomogeneous shrinkage 
during heat treatment.  
 
• Thermo-physical properties 
 
Density variations within several NB31 blocks have been measured as well as the direct 
impact on the thermal conductivity and the thermal expansion. These two latter thermo-
physical properties have been explained based on the theoretical model and results for 
various temperatures were related to the type of CFC architecture and to the material 
orientation during measurement. All the investigated CFCs have a typical phonon 
dominated evolution of thermal conductivity with temperature. The anisotropy of the 
thermal conductivity of NB31, DMS780 and CX2002U has been discussed. NB31 has the 
highest one due to its unbalanced cross-ply laminate architecture. The angular 
dependence of the thermal expansion for tilted orientations (between the two main 
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fibrous directions, i.e. X and Y) was negligible for balanced CFCs while it was much 
more pronounced for unbalanced CFCs. These results are considered to be most essential 
for advanced CFCs used for fusion application. They allow to better understand the 
thermo-physical anisotropy of these materials and thus to better predict their in-situ 
behavior under fusion relevant environment.  
 
• Mechanical properties 
 
The mechanical response and fracture behavior under bending and tensile loads at room 
temperature of the investigated CBMs has been determined and compared. While felt 
type CFCs have mechanical properties (tensile strength and Young’s modulus) just 
matching or even lower than the ones of isotropic fine grain graphites (considered as 
basic material for comparison in the work), all other CFCs have at least one of their 
fibrous directions achieving better mechanical properties than the two studied graphites 
(AXF-5Q and R6650). NB41 has the highest mechanical properties (along its X 
direction) of all the CBMs but this CFC also shows the highest anisotropy. CX2002U has 
the weakest mechanical properties but the lowest anisotropy among all the investigated 
CFCs. Different types of fracture surface were observed for various CFCs under identical 
mechanical loading conditions. A sufficiently weak interfacial shear strength between 
fibers and matrix is essential to allow crack deflection. NB31 and NB41 materials had the 
best tailoring of this strength allowing crack deflection over fiber laminates for few mm 
and individual fibers for hundreds of micrometers. However, NB41 was found to have an 
even more optimized interfacial shear strength than NB31. 2D CFCs exhibit mixed 
fracture mechanisms due to their fiber architecture consisting of short fibers felts and 
long fiber laminates while graphites have typical brittle fracture surfaces. Extensive 
mechanical testing of several batches of NB31 and NB41 materials helped to realize how 
damaging the needling process can be, with which precautions it should be performed to 
achieve an efficient Z-directional reinforcement with limited negative side-effects. 
Furthermore it demonstrated the difficulty to guarantee the reproducibility for such 
advanced materials. The experience acquired by performing such a large number of 
tensile tests allowed to identify and to distinguish influencing parameters (such as density 
and volumetric percentages of material aligned in the loading direction) which must be 
taken into account to explain and restrain data scattering. Theoretical background as well 
as experimental data (about NB31) were reported concerning the off-axis tensile behavior 
of CFC and, as such, should be implemented in calculations to make them more accurate 
and specific to each CFC. 
 
• Transient thermal loads 
 
Fusion-relevant transient heat loads have been simulated in various high heat flux 
facilities permitted to conclude that similar preferential erosion of the constituents with 
the lowest thermal conductivity occurs independently of the used particles (electrons or 
ions) and is primarily related to a thermal effect. This preferential thermal erosion was 
observed for all the CBMs at various size factors and geometries as a direct consequence 
of the graphite crystallite thermal anisotropy. After thermal shock loading applied 
perpendicularly to the material surface, the preferential erosion of the fiber laminates 
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aligned parallel to the surface has been quantified. The erosion of laminates orthogonally 
oriented (in NB31) under Edge Localized Mode conditions (i.e. 500 µs plasma pulses of 
energy up to 0.3 GW.m-2) have been reported to be up to 200 μm after only 100 pulses, 
while about 106 events are expected in ITER before component replacement. 
Experiments with higher number of pulses should be conducted to define if, above a 
critical difference of height, the laminates perpendicular to the CFC surface will start to 
be eroded as well. In addition, it has to be clarified if the generated stresses during 
transient heat loads will lead to transverse cracking of laminates perpendicular to the 
surface due to thermal expansion caused by overheating. Material erosion and destruction 
processes were described by simple models and explained at the various scales of CFCs 
showing that in all the studied materials, the fibers were at first eroded compared to the 
matrix even if the latter was found to be broken up in pieces with sizes in the sub-micron 
range. 
 
When power densities used were higher (usually above 1.6 GW.m-2 (for CFCs) for a 
pulse duration of 5 ms), brittle destruction (BD) occurred, i.e. emission of hot particles or 
intersected fibers from the material’s surface. This has been explained by differences of 
thermal conductivity and thermal expansion of the constituents at various scales leading 
to tremendous tensile stresses at their interface. These stresses can be released by BD 
processes during and still shortly after disruption loads.  It was observed that weight loss 
during thermal shock loads is a combination of both thermal erosion and BD, in ratios 
which are yet hardly quantifiable and a function of the type of CBM. However, thanks to 
precise experimental methodology used during simulated plasma disruptions load in the 
electron beam JUDITH, an experimental thermal shock resistance criterion could be 
established. It relies on the weight loss per surface area which occurs under various 
thermal loading conditions. 3D CFCs and CX2002U exhibit the lowest weight losses 
while the two isotropic fine grain graphites and AO35 have area-related weight losses up 
to four times higher. Nevertheless, additional precautions should be taken to extrapolate 
these values for estimation of the lifetime of PFMs. The material density and the 
influence of the surface profile of the eroded surface should be taken into account. It was 
shown that the surface profiles after disruptions loads are very different for the various 
CBMs and these profiles are related to the material’s microstructure. For the studied 
number of identical shots applied (up to 100 pulses over the same area and without 
ratcheting effect), the weight loss did not increase linearly but at a lower rate and BD 
decreases for increasing number of shots.  
 
Since BD in laminate CFC was theoretically explained and supported by finite element 
methods, attempts to reduce it by appropriate material off-axis tilting (between X and Y 
directions) were undertaken. It was successful in many cases for single transient loads. 
This success was attributed to the lower temperature differences between the tilted X and 
Y laminates leading to lower thermal stresses while providing a better mechanical 
attachment of  the Y laminate to the bulk. However when repeated simulated plasma 
disruptions were applied, i.e. BD contribution to material erosion is reduced in relation to 
sublimation, the lower macroscopic thermal conductivity of the tilted CFCs was the most 
influencing factor and weight loss of tilted materials increased with the tilting angle. Very 
atypical eroded surface profiles were observed in these experiments. Similar erosion 
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patterns might be obtained in fusion devices if penetrating species would impinge at 
various angles on the CFC surfaces.  
 
• Neutron effects 
 
Finally, an important effect of thermal annealing of defects was observed. The defects 
created by neutron irradiation and located in the heat affected zone of CBMs were 
recovered during disruption. As the thermal conductivity of CBMs is very much reduced 
by neutron irradiation, it results in a stepwise increase of the surface temperature during a 
transient heat load even as short as 5 ms. Therefore, when a second identical disruption is 
applied over the same area, the temperature is significantly reduced meaning that the 
thermal conductivity of the unirradiated state has been partly recovered. This 
phenomenon was not expected to become relevant for such type of short heat pulses. 
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5. Annexes 
 
 
Annex 1 
Microstructure overview of all the CBMs 
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Polarized light micrographs a) R6650, b) AXF-5Q  
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Polarized light micrographs a) NB41, b) 3D-DUNLOP 
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Polarized light micrographs a) DMS780, b) DMS780 felt layer 
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Polarized light micrographs a) CX2002U, b) AO35 
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Polarized light micrographs a) NB31, b) DMS704 
 97
Annex 2 
Various shapes of pitch fibers 
 
NB31 pitch fibers (P55), round shape NB41 pitch fibers (P25), round shape
3D-DUNLOP pitch fibers (P25), oval shape
oval P25
pitch fiber
matrix
a b
c
single
fiber
single
fiber
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Annex 3 
Thermal conductivity as a function of temperature for the directions 
(X,Y,Z) of four CFCs. 
0
50
100
150
200
250
300
350
400
450
0 200 400 600 800 1000 1200 1400
Temperature [°C]
T
he
rm
al
 c
on
du
ct
iv
ity
 [W
.m
-1
.K
-1
]
X direction
Y direction
Z direction
1.75 g.cm-3
1.69 g.cm-3
 
CX2002U 
0
50
100
150
200
250
300
350
0 200 400 600 800 1000 1200 1400
Temperature [°C]
Th
er
m
al
 c
on
du
ct
iv
ity
 [W
.m
-1
.K
-1
]
X direction
Y direction
Z direction
1.95 g.cm-3
1.86 g.cm-3
1.82 g.cm-3
 
NB31 (pilot production) 
 
 99
0
50
100
150
200
250
300
350
400
0 200 400 600 800 1000 1200 1400
Temperature [°C]
T
he
rm
al
 c
on
du
ct
iv
ity
 [W
.m
-1
.K
-1
]
X direction
Y direction
Z direction
1.85 g.cm-3
1.8 g.cm-3
1.75 g.cm-3
 
3D-DUNLOP 
0
50
100
150
200
250
300
350
400
450
0 200 400 600 800 1000 1200 1400
Temperature [°C]
T
he
rm
al
 c
on
du
ct
iv
ity
 [W
.m
-1
.K
-1
]
X direction
Y direction
Z direction
 
 
NB41 
 
 
 
 
 
 
 
 
 100
Annex 4 
Thermal conductivity as a function of temperature for the tilted 
directions (15°, 30°, 45°) of three CFCs. 
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Annex 5 
Thermal expansion as a function of temperature for various 
orientations of three CFCs. 
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DMS780, data for X, Y and Z directions are from the manufacturer. 
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NB31, data for X, Y and Z directions are from [10]. 
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Annex 6 
Data used for the FEM modelling of an anisotropic heterogeneous CFC 
similar to NB31 
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Evolution of the deposited power density as a function of time.  
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Annex 7 
Generated stresses in the three orthotropic directions, of the simulated 
materials described in Annex 6, at the end of the pulse (5ms). 
X laminates are 900 µm wide and Y laminates are 300 µm wide. 
(a) top view, (b) side view 
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Stresses in the X direction 
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Stresses in the Y direction  
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Stresses in the Z direction 
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Annex 8 
Surface profile of four CFCs loaded repeatedly along their X direction 
in JUDITH. 
Each pulse was 2.5 GW.m-2, 5 ms 
Craters appear where (Y or Z) fibers or fiber laminates were.  
All materials were aligned as DMS780 for measurement. 
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Annex 9 
Weight loss per area for four CFCs loaded a single time for 5 ms and 
various power densities in JUDITH. 
Several orientations were tested. 
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Annex 10 
Surface profile of four CFCs loaded repeatedly along various 
orientations in JUDITH. 
Each pulse was 2.5 GW.m-2, 5 ms 
All the materials are aligned like in Annex 8 for measurement. 
SEM micrographs of the center of the areas loaded ten times. 
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Top view SEM micrograph of a) NB31 (X) and b) NB31 (45°) after 10 disruption 
loads of about 2.5 GW.m-2 and 5 ms on the same areas in JUDITH. The center of the 
loaded areas is shown. 
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Top view SEM micrograph of a) DMS780 (X) and b) DMS780 (45°) after 10 
disruption loads of about 2.5 GW.m-2 and 5 ms on the same areas in JUDITH. The 
center of the loaded areas is shown. 
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Top view SEM micrograph of a) CX2002U (X) and b) CX2002U (45°) after 10 
disruption loads of about 2.5 GW.m-2 and 5 ms on the same areas in JUDITH. The 
center of the loaded areas is shown. 
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Annex 11 
Evolution of the surface temperature of some CBMs, neutron irradiated 
or not, in JUDITH 
Emissivity is fixed to the unity. 
Weight loss and surface cracking of neutron irradiated CBMs after 
thermal shock loading. 
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NB31 (X) (pilot) unirradiated, after 0.2 and 1 dpa, during a disruption in JUDITH 
(about 1.6 GW.m-2 and 5 ms) 
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DMS704 (X) unirradiated, after 0.2 and 1 dpa, during a disruption in JUDITH 
(about 1.6 GW.m-2 and 5 ms) 
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EK98 unirradiated, after 0.2 and 1 dpa, during a disruption in JUDITH (about 1.6 
GW.m-2 and 5 ms) 
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DMS704 (X), (0.2 dpa) after 1, 2 and 5 disruption loads in JUDITH (about 2.4 
GW.m-2 and 5 ms) 
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NB31 (X), (0.2 dpa) after 1, 2 and 5 disruption loads in JUDITH (about 2.4 GW.m-2 
and 5 ms) 
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AXF5Q (0 dpa) after 1, 2 and 5 disruption loads in JUDITH (about 2.6 GW.m-2 and 
5 ms) 
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NB31 (0 dpa) after 1, 2, 3, 4 and 5 disruption loads in JUDITH (about 2.1 GW.m-2 
and 5 ms) 
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Weight loss of various CBMs irradiated at several dpa levels after single disruption 
loads of about 1.6 GW.m-2 and 5 ms in JUDITH. R6650 is sold by SGL as having the 
same properties as its former grade EK98. No result is available for DMS704 after 
PARIDE 4. DMS704 and NB31 were loaded in their X direction. 
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loaded area
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major cracks
 
 
SEM micrograph of EK98 graphite after a single disruption load of about 1.6 
GW.m-2 and 5 ms in JUDITH . This sample was irradiated in PARIDE 4. Major 
cracks are visible in and slightly out of the loaded area.  
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